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Abstract

A time-dependent 3D magnetohydrodynamic (MHD) model hanhkieveloped to investi-
gate the temporal periodic interaction between Europa heddovian magnetosphere. The
temporal variations are caused by the periodic variatidrthe magnetospheric plasma at
Europa. As a new feature compared to existing stationaryetspderiodic induced magnetic
fields, caused by electromagnetic induction in a potentia$arface ocean, are included. The
MHD-flow problem and the internal induction problem are salsimultaneously by making
use of the periodicity and the quasi-stationarity of thebpgm. The ideal MHD equations
have been extended in order to account for the effects offiaits meutral atmosphere and the
internal periodic induced magnetic fields on the plasmaaateon.

At the beginning of this work, Galileo magnetometer datauaegl on four passes by Europa
were used to investigate whether a fixed permanent dipoleenbis present in the interior
of the moon in addition to the induced dipole moment previpidentified. We thereby
confirm the presence of an inductive response and find thadifwe coefficients of the
constant intrinsic field contribute at best in a very minoyuw@the magnetic field.

The induced magnetic fields caused by the time variable @astaraction are calculated in
an interactive process. It is shown that the influence ofetlsexondary induced magnetic
fields is small compared to the induction caused by the tiarging background field. In
addition, the influence of the induction on the plasma irtéoa is being studied. It is shown
that the Alfvén current system is deformed and displacedtduihe induced magnetic fields.
Furthermore, the plasma wake of Europa is deformed due tmthetion. The resulting
structure of Europa’s plasma wake could explain why Galifesasurements did not detect
high plasma densities along the E4 trajectory.

By comparing the simulation results to the Galileo spadeanaasurements of three passes
by Europa, we place the so far strongest constraints on théuctivity and the thickness
of Europa’s subsurface ocean. We find for the conductivitfofopa’s ocean values of
500 mS/m or larger to be most suitable to explain the magfiigty data. If the ocean
conductivity is less than 1 S/m, we suggest that the intevoain has to be thicker than 25
km.

The magnetic field and the plasma density measured durinGalikeo E4 flyby are repro-

duced fairly well in the simulation. For the agreement betwéhe data and our model,
we see no need for a deviation of the upstreaming plasma flmw fhe nominal corotation

direction.






Zusammenfassung

Die vorliegende Dissertation beschaftigt sich mit detatghangigen Plasmawechselwirkung
zwischen dem Jupitermond Europa und der Jupitermagneicspimter Berlicksichtigung

der elektromagnetischen Induktion im SatelliteninnerBnropa, der kleinste der vier Ga-
lileischen Monde, gehort besonders aufgrund der Hinwaigedie Existenz eines flissigen
Ozeans unter der Eiskruste und den damit verbundenen Spieken ilber mogliches Leben
auf Europa zu den interessantesten Korpern in unsereme8isystem. Diese Arbeit liefert

die bisher prazisesten Abschatzungen fur Dicke unddleigkeit eines solchen Ozeans.

Erste Anzeichen fir die Existenz eines Ozeans unter dérlSte ergaben bereits die Be-
obachtungen des Voyager-Imagingexperimeftpiyres et al1983] und spater Oberflachen-
beobachtungen durch das Galileo Imagingexperim@ati et al., 1998;Pappalardo et al.
1998]. Von Galileo durchgefiihrte Schweremessungerdgrson et aJ.1998] bei Europa
sind zudem mit einer aul3eren Schicht Europas aus Wasggisisig oder gefroren) kon-
sistent. Eine mogliche Warmequelle, die das Wasser wigieOberflache teilweise flissig
halt, wird in Gezeitenreibung gesehéPgjssen et al.1979]. Die bisher starksten Indizien fur
die Existenz eines flussigen Ozeans basieren auf den Malgiméssungen der Raumsonde
Galileo [Kivelson et al. 2000]. In den Magnetfelddaten sind neben den Storungechdu
die Plasmawechselwirkung Europas mit der Jupitermagpk#oe Hinweise auf elektroma-
gnetische Induktionseffekte aufgrund des zeitlich vdealHintergrundfeldes zu erkennen.
Diese Induktionseffekte konnten von einem salzhaltigeed® unter der dicken Eiskruste
des Satelliten stammen.

In dieser Arbeit wird zum ersten Mal ein dreidimensionaleilizh variierendes Modell zur
Beschreibung der periodischen zeitlichen Variationendechselwirkung zwischen dem Sa-
telliten Europa und der Jupitermagnetosphare entwickBie zeitliche Abhangigkeit der
Plasmawechselwirkung von Europa entsteht dabei durch diatiBn Jupiters, wobei die
Bahnperiode von Europa, kombiniert mit der Rotationsplrieon Jupiter, eine synodische
Rotationsdauer von 11.1 Stunden ergibt. Betrachtet mamdere Magnetosphare Jupiters
bis Uber die Europabahn beidR; hinaus als starr mit dem Planeten verbunden, so variieren
die Plasmaparameter sowie das Magnetfeld, dem Europasaizgst, periodisch, allerdings
nicht harmonisch. Das zeitlich variable Magnetfeld in@utzelektrische Strome im Ozean,
die ihrerseits ein Magnetfeld aus dem Satelliteninnerewdnbringen, das die Plasmawech-
selwirkung stark beeinflusst.

Ein Teil des anstromenden Plasmas trifft auf die Ober#aaotn Europa und wird dort ab-
sorbiert. Dies ist verbunden mit Sputtering von Sauenstolékillen aus der Eisoberflache
als Quelle fur die Atmosphare. In dieser entsteht haghtéch durch StofZionisation energie-
reicher Elektronen eine dichte, elektrisch leitfahigedsphare. Aufgrund der Relativbewe-
gung zwischen dem anstromenden Plasma und der Atmosphiateht ein elektrisches Feld,
welches Strome durch die leitfahige lonosphare treiigt sich in den Alfvénfligeln von Eu-
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ropa fortsetzen. Das magnetospharische elektrischewkedddabei teilweise kurzgeschlos-
sen. Das Magnetospharenplasma und —magnetfeld wechsaivgomit mit der dinnen At-
mosphare und lonosphare von Europa und mit dem zeitliclalMan Magnetfeld aus dem
Satelliteninneren, welches hauptsachlich durch elekaignetische Induktion entsteht. Die
zeitlich variablen Plasmaeigenschaften am Ort Europaefudazu, dass die Strome in der
Atmosphare und im weiteren Aul3enraum ihrerseits indteiektrische Strome und Felder
im Inneren Europas erzeugen.

Als neuer Effekt gegeniiber den bisherigen stationaredeVien treten in unserem zeitabhangi-
gen magnetohydrodynamisches (MHD) Modell periodische m#glder aus dem Europa-
inneren auf, welche durch elektromagnetische Induktiainem elektrisch leitenden Ozean
unter der Eiskruste von Europa hervorgerufen werden. MfeHinseres Modells beschrei-
ben wir die Dichte, die Geschwindigkeit, das Magnetfeld diedinnere Energie des Plasmas
selbstkonsistent, wahrend wir fur die Temperatur der megmspharischen Elektronen eine
ortsabhangige Parametrisierung einfuhren. Der zuggddKalibrierungsfaktor wird durch
den Vergleich der Modellergebnisse mit Vorbeiflugsdatam®@alileo zu Zeiten bestimmt, zu
denen sich Europa in der Mitte der Plasmaschicht befindet,der Induktionseffekt am ge-
ringsten ist. Au3erdem benutzen wir eine stark verein@Emergiegleichung. Der wesent-
liche Vorteil unseres Modells gegentber allen friherebeften liegt in der zeitabhangigen
Behandlung des Problems. Durch den Vergleich unserer Mtadeh mit den Galileodaten
konnen bestimmte Aspekte der Wechselwirkung des Sateltitit der Jupitermagnetosphare
besser verstanden werden als dies mit bisherigen stagioModellen moglich war. Wir sind
dadurch in der Lage einerseits der Frage nachzugehen weitigéas induzierte Magnetfeld
die Plasmawechselwirkung beeinflusst und andererseitatensuichen, wie grof3 der Anteil
der zeitlich variablen Plasmastrome am induzierendenndteld ist, d.h. inwieweit die
zeitlich variable Plasmawechselwirkung die Induktionib#esst.

Ein kleinerer permanenter Magnetfeldanteil aus dem InmExgopas, etwa durch Dynamo-
wirkung, konnte bisher nicht ausgeschlossen werden. Deskginnen wir unsere Arbeit
mit der Frage, ob zusatzlich zu dem induzierten Anteil ae®ien Magnetfeldes noch ein
permanenter innerer Anteil existiert. Um diese Frage zuntvearten, passen wir Magnet-
felddaten von verschiedenen Galileo Vorbeifligen mitéddinfacher Modelle an. Durch das
Einbeziehen der Induktion in die Modelle wird eine wesehil Verbesserung der Anpas-
sung erreicht. Wir konnen eine obere Grenze fur das inRel@ angeben, die bei 25 nT
liegt. Damit kdnnen wir zeigen, dass der Anteil des inndfeldes am Gesamtmagnetfeld
sehr gering ist.

Bevor wir unser komplexes Modell anwenden, untersuchemi@iinduktion in einer radial-
symmetrischen Leitfahigkeitsverteilung zunachst gined¢h. Wir konnen dadurch zeigen,
inwieweit eine Bestimmung der Ozeanunterkante aus derbgege Daten moglich ist, und
dass man bei hoheren Ozeanleitfahigkeiten den Einflusindektion im Mantel bzw. im
Kern vernachlassigen kann.

In unserem kompletten Modell werden das MHD-Stromungsiera im Auf3enraum und
das Induktionsproblem im Innenraum simultan gelost. [@s d@n Direktverfahren numerisch
sehr schwierig ist, benutzen wir hierfur ein iterativesfaren. Zu Beginn einer synodischen
Rotation Jupiters geben wir als Anfangsbedingung zuri@&hgzeitlich variierendes Magnet-



feld aus dem Inneren Europas fest vor. Im ersten lteratebmgswird dafur die analytische
Losung der Induktion durch das als homogen angenommeneatagpharische Magnetfeld
benutzt. Die Leitfahigkeitsverteilung (Ozean) im Innekuropas wird dabei als radialsym-
metrisch angenommen. Wir ldsen dann fur verschiedengpuigite, die gleichverteilt sind
Uber eine synodische Rotationsperiode Jupiters, dasrsia¢ Stromungsproblem. Mit den
Ergebnissen bestimmen wir anschlie3end das durch dieheilriablen Plasmastrome indu-
zierte Magnetfeld. Der zeitlich variierende Anteil der Kioimation aus magnetospharischem
Magnetfeld und dem Magnetfeld der Plasmastrome bestinamh dlas neue induzierende
Magnetfeld extern zur Ozeanoberflache in der als niclgneitngenommenen Eiskruste von
Europa. Wir wiederholen in einem weiteren lterationsgthias ganze Verfahren bis der
Unterschied der internen Felder aufeinander folgendeatltssschritte klein ist.

Der magnetospharische Anteil des induzierenden Maddetast in sehr guter Naherung
homogen in Europanahe, so dass das dadurch induziertel&ed ein Dipolfeld beschrie-
ben werden kann, dessen Dipolmoment in Aquatorebene von Europa rotiert. Das mit
Hilfe unseres Modells bestimmte induzierte Magnetfeld lasmastrome ist komplizierter
und enthalt auch hohere Multipole. Die dominierendemmiesind dabei die Quadrupol-
terme. Die plasmainduzierten Magnetfelder sind am sténksvenn Europa im Zentrum
der Plasmaschicht ist und am schwachsten wenn Europa wisbhen den zwei Extrem-
bedingungen (Zentrum/auRerhalb) befindet. Die harmoaisi&oeffizienten des durch die
zeitlich variablen Strome induzierten Magnetfeldes siadtlich kleiner als die Koeffizienten
des durch das homogene Hintergrundfeld induzierten Fel8esliegen damit im gleichen
Bereich wie die von uns bestimmten Koeffizienten fur dasnaerente innere Magnetfeld.
Wir schlie3en daraus, dass der Einfluss der Plasmawechsahgiauf die Induktion gering
ist. Nahe der Oberflache konnen die plasmainduziertenigtégjder allerdings auch Teile
der unteren lonosphare beeinflussen. Starkere zeithghhle Strome, wie sie eventuell bei
Kallisto vorkommen, konnten einen wesentlich groRermfliss auf die Induktion ausuiben.

Mit Hilfe unseres Modells konnen wir den Einfluss der Indoktauf die Plasmawechsel-
wirkung untersuchen. Wir finden, dass die Beruicksichtigder Induktion zu einer Verfor-
mung und Verschiebung des Alfvenstromsystems fuhrt-&ekt, der auch schon theoretisch
vorhergesagt wurdeNleubaueyr 1999]. Wenn sich beispielsweise Europa in der nordlichen
Magnetfeldhemisphare Jupiters befindet, so ist der mmr@lAlfvenfliigel in Richtung Jupi-
ter versetzt, wahrend der suidliche Alfvenfligel in dikgegengesetzte Richtung verschoben
wird. Infolge der Induktion kommt es auch zu Asymmetrien itro8i1system und zu einer
Verringerung des Rohrenquerschnitts.

Durch Anpassung unserer Magnetfelddaten an die vom Galileafahrzeug gemessenen
Daten wird eine bessere Bestimmung der Leitfahigkeit uerdicke des Ozeans unter der
Eiskruste Europas erreicht als in friiheren Arbeiten. Wimlizen dazu Daten der Vorbeifliige
E4, E14 und E26. Wahrend dieser Vorbeifluge befand siclofizuaul3erhalb der Plasma-
schicht, und der Induktionseffekt war somit am starkstéfi. finden, dass Ozeanleitfahig-
keiten von mindesten 500 mS/m bendotigt werden, um die Mi#gjdelaten zu erklaren. In
diesen Leitfahigkeitsbereichen ist die Induktion furg@mdicken groRer als 100 km gesattigt,
so dass eine Bestimmung der Unterkante des Ozeans leiteinmiglich ist. Die Sattigung
hat auch zur Folge, dass wir keine Aussagen uber eine obere&der Ozeanleitfahigkeit



treffen kdnnen. Benutzen wir als Ozeandicke 25 km oder genivas den Extremfall einer

dinnen leitfahigen Schicht reprasentiert, so werdeealeitfahigkeiten von wenigstens 1
S/m benotigt. Zum Vergleich: die Leitfahigkeit von Meesser auf der Erde betragt ca. 5
S/m.

In unseren Simulationen erhalten wir eine lonospharesrd&ichte mit den Radio-Okkul-
tationsergebnissen von Galileldlfore et al., 1997] Ubereinstimmt. Gleichzeitig kbnnen wir
auch der Fragestellung nachgehen, was mit dem ionosphéanslasma passiert, wenn es
stromabwarts transportiert wird, und warum es nicht vohl&@anessungen detektiert wurde.
Auch hier spielt die Induktion eine wesentliche Rolle. Wimkien zeigen, dass zum einen
das Plasma in Europas Schweif in der xz-Ebene verteilt widlaum anderen die Induktion
Asymmetrien im Schweif hervorruft. Aufgrund dieser Asyntrien sind die hochsten Plas-
madichten nicht mehr im\quatorbereich zu erwarten. In unserer Simulation erhalie
dann Plasmadichten, wie sie auch vom Plasmaexperimentailé@[Paterson et al.1999]
gemessen wurden. Eine Rotation des anstromenden Plasieasie z.B. vorKabin et al.
[1999] benotigt wurde, erachten wir nicht fur notwendig.

Mit unserem Modell kdbnnen wir zum ersten mal die zeitalgige Plasmawechselwirkung
Europas unter Beriicksichtigung eines leitfahigen ianégdzeans behandeln und eine Reihe
interessanter Fragestellungen untersuchen. Durch deefee#bschatzung der Ozeanpa-
rameter durfte auch eine verbesserte Bestimmung der sbben Zusammensetzung des
Ozeans moglich sein. Im Hinblick auf die noch ungeklafeagestellungen, wie zum Bei-
spiel eine genauere Bestimmung von Ozeandicke und Tiedeg wine Orbitermission zu
Europa wiinschenswert. Die immer stichhaltiger werderddizien fur die Existenz eines
Ozeans unter der eisigen Oberflache von Europa, desseeWssen grofder sein konnten
als alle Ozeane auf der Erde zusammengenommen, durftereawgeiteren Spekulationen
uber Leben im Sonnensystem auf3erhalb der Erde Anlass.geben
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CHAPTER 1

INTRODUCTION

The findings of the Galileo spacecraft supported the evigle¢hat a large ocean of liquid
water lies below the ice-encrusted surface of Europa. Samgelife in the universe will
probably require liquid water, the likely presence of anasceakes Europa a prime candidate
as a habitat for extraterrestrial life.

Europa is named after a Phoenician princess who, accordi@eaek mythology, was ab-
ducted by Zeus, who transformed himself into a white bull eadied Europa away to the
island of Crete. The Jovian satellite Europa was discoveré@10 by Galileo Galilei and is
the smallest of the four Galilean moons named in his honarofiauis very unique; it is one
of the smoothest and brightest objects in the solar system.

The space exploration of Jupiter’s satellite system begtntthve Pioneer and Voyager flyby

missions which verified earth based astronomical obsemnsitbf Europa and discovered new
characteristics. In 1995, the Galileo spacecraft begamegag significant new discoveries

about the properties of Europa’s interior, surface, andaphere. Data from various instru-
ments on the Galileo spacecraft indicate that an Europaanatéght exist.

In this dissertation, we study the time-dependent intevaaif Europa with the Jovian mag-
netosphere. This includes the local plasma interactionwbjia’s atmosphere and iono-
sphere as well as the interaction of a potential internaboasith the magnetosphere of
Jupiter. Due to Jupiter’s rotation with respect to Europa e inclination of Jupiter’'s mag-

netic dipole moment, the magnetospheric plasma densitytenblackground magnetic field
vary at the position of Europa. The time varying magnetid&ehduce currents in an electri-
cally conducting ocean below the Europan ice crust. Thegermis generate a time varying
induced magnetic field which influences the plasma intesactn addition, the periodic vari-

ations of the magnetospheric plasma lead to a second ordiectian effect. To study this

time-dependent interaction, we develop, for the first timéhree dimensional single-fluid



2 INTRODUCTION

MHD-model which includes periodic magnetic fields from theerior of the moon.

The kernel of our model is the Zeus 3D cod&dne and Normamnl9923], an ideal time-
dependent single-fluid MHD code. To account for the influeatéhe internal magnetic
field and the neutral atmosphere, we have extended the MH&tiegs. With our model we
describe self-consistently the density, the velocity, ti&linternal energy of the fluid, and
the magnetic field. However, we choose a simplified equatoritfe internal energy, and
do not calculate the temperature of the magnetospheritretecself-consistently. In order
to compensate the overestimation of the electron impaauymtion rate, we solve a sepa-
rate continuity equation for the magnetospheric electeamtsimplement a spatial dependent
calibration factor for the temperature of the magnetosphedectrons. The main inputs of
our model are the time-varying magnetospheric conditithmes peutral atmosphere, and the
properties of Europa’s internal ocean, which is assumee gldibal.

The coupling of the internal induced magnetic fields and #teraal plasma interaction re-
quires a simultaneous solution of the MHD-flow problem areittternal induction problem.
This is done in our model by making use of the periodicity dmel quasi-stationarity of the
problem. In order to describe the diffusion of the magnetfdfinto the moon properly, we
model the interior of Europa as a plasma with special charatics. The calculation of the
plasma induced magnetic fields is done in an iterative psces

Before we apply our complex model to Europa, we address tastmun whether a fixed per-
manent dipole is present in the interior of Europa in additmthe induced dipole moment.
Therefore, data from several low altitude passes have b#ted fo models of increasing
complexity. Furthermore we study the induction processydically.

One of our model’s main advantages when compared to otheels\aglour consideration

of the time varying induction effects. This enables us tandcanclusions about the relative
importance of the plasma induced magnetic fields, i.e. nthednce of the plasma interaction
on the induction process. In addition, we are also able wydfue influence of the induction

on the plasma interaction. We show that the internal inducagnetic field changes not only
the local current system at Europa, but also affects thetstrel of Europa’s plasma wake.
The time-dependency of these effects can be observed.

One objective of our work is to compare our results with thel&aspacecraft measurements.
The simultaneous solution of the MHD-flow problem and thesiinal induction problem
enables us to get some closer constraints on the condydiivit the thickness of Europa’s
subsurface ocean than earlier works.

This dissertation starts with a description of the obs@matwhich are relevant for the in-
ternal structure of Europa as well as for the local plasmerattion at the moon. We also
give an overview of previous models of Europa’s plasma augon with the Jovian mag-
netosphere. In the third chapter we investigate whetherea fobermanent dipole moment is
present in the interior of Europa. We use this as a preparatady for our complex model
described later. The classical induction problem applieBuropa is examined in chapter 4.
There, we neglect the magnetospheric plasma and the aterespithe moon. This enables
us to investigate the influence of a conducting core and awsimd) mantle on the induction
signature outside the moon. In addition, we get an idea ab&b @tent the thickness and the



conductivity of Europa’s ocean can be determined. In chidptee introduce our model of
the plasma interaction and describe how the induction isampnted into our model. There
we also describe the procedure used to determine the plasiueed magnetic fields. In
chapter 6 we then present the results of our full numericalehdl' hese results will be com-
pared with the Galileo spacecraft in situ measurementshapter 7 the main contributions
and conclusions of this thesis are summarized.
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CHAPTER 2

OBSERVATIONS AND PREVIOUS MODELS

The Galilean satellites, lo, Europa, Ganymede, and Cajlisere discovered by Galileo
Galilei in 1610. Europa, the smallest of the Galilean moassbout 90 % of the size of
Earth’s Moon. It is located deep within the Jovian magnetesp. Due to an orbital res-
onance between lo, Europa, and Ganymede, Europa expesigdakforces. At lo, where
these tidal forces are strongest, they drive strong vodcaetivity. At Europa this tidal flexing
is thought to provide sufficient energy to liquefy some portdf Europa’s icy crust. The pres-
ence of liquid water as well as evidence for relatively ré@@ologic activity are suggested
by Voyager and particularly by Galileo measurements.

The magnetospheric plasma couples basically to the rotgesiod of Jupiter, which is
smaller than the orbital period of Europa (see table 2.1erdtore, the plasma flows past
Europa, and the tenuous atmosphere of Europa interactsheitbovian magnetospheric en-
vironment. This interaction is less intense compared tdld,is influenced by magnetic
induction effects taking place in a possible subsurfacaimce

Significant new discoveries about Europa, and the otheldgaalimoons were made by the
Galileo spacecraft during its prime and extended missi@taden 1995 and 2003. In the
following we give an overview of observations made in thet jpasl relevant for our interac-

tion model described in chapter 5. Subsequently, we digmessous models developed for
Europa’s interaction with the Jovian magnetosphere.
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Jupiter
Equatorial radius R 71492 km
Rotation period 9h 55min
Dipole field at equator 430000 nT
Dipole inclination 9.4
Europa
Radius 1561 km
Orbital distance to Jupiter 9.3R
Rotation period 3.551 days
Mean density 3014 kg/tn

Table2.1:  General properties of Jupiter and Europa. After Weiss [4004

2.1 Properties of Europa

2.1.1 Structure and composition of the surface and the deepmterior

Early Earth-based telescopic observations indicate thab@a’s surface is predominantly
water ice Kuiper, 1957;Moroz, 1966]. The first close-up view of Europa was provided by
the twin Voyager spacecraft in 1979. Voyager pictures stoowg kracks run for thousands of
kilometers over a smooth, bright surfac&njith et al. 197%;a]. None of these features are
higher than a few kilometers. The relative lack of impactersled to the idea that Europa’s
surface may be remarkably young.

A number of new insights about Europa were produced by thdeBaspacecraft which
was orbiting Jupiter between 1995 and 2003. High resoluata obtained with the Solid
State Imaging (SSI) system show evidence of a young and ¢hacked and ruptured ice
shell (e.g.Belton et al.[1996], Carr et al. [1998]). The geological observations imply that
warm, convecting material lay at shallow depths within thlessirface at the time of its recent
geological deformation. Global-scale tectonic pattemans lze explained by nonsynchronous
rotation and tidal flexing of a thin ice shell above a liquidtereocean Geissler et al. 1998;
Greenberg et a).2000]. However, while the evidence for liquid water in tleespis favorable,
there is no unambiguous indication from spacecraft imathagsuch conditions exist today
[Pappalardo et al.1999].

Thermal models indicate that a significant portion of thesoute shell could be liquid today
(e.g.,Squyres et al[1983], Schubert et al[1986], Spohn and Schube2003]). One energy
source for maintaining a liquid water ocean is tidal heatiagsed by the three-body Laplace
resonance with lo and Ganymede. This process could offedteélzing of the water ocean
by subsolidus ice convection (e.Gassen et al[1979]). The major uncertainty in modeling
is the rheology of ice[Durham and Stern2001]. Also, the rate of freezing of the internal
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Figure 2.1:  Close-up view of the icy surface of Europa. The view is abdukilbbmeters by 16
kilometers and has a resolution of 26 meters. The Sun illatesthe scene from the east (right).
(Courtesy of NASA/JPL-Caltech.)

ocean depends on its compaosition, since the occurrencerarroonstituents in the ice and
ocean such as salt8IECord et al, 1998] and ammoniaqargel et al, 1991;Deschamps and
Sotin 2001] effect the rheology of the ice and the freezing temfuee of the ocean.

Minor species detected in the surface of Europa ai®HCarlson et al, 1999], SGQ [Lane

et al, 1981] and CQ [Carlson et al, 1996]. In addition, data from Galileo’s Near-Infrared
Mapping Spectrometer (NIMS) indicate the presence of hgdraalt minerals and sulfates
[McCord et al, 1998; 1999]. Magnesium sulfate is expected in large gtias{Kargel et al,
1991; 2000] but not yet identified unambiguous¥ydCord et al, 2001].

Analyses of the radio Doppler data indicate that Europa iferdntiated body, consisting of

a metallic core, a silicate mantle and a water-liquid outetl§Anderson et a).1997a; 1998].
The radius of Europa’s metallic core is uncertain in pardose of its unknown composition.

It could be as large as 45% of Europa’s radius if the compmwsis Fe-FeS, or only as large
as about 13% of Europa’s radius if the composition is mairdy{$ohl et al, 2002]. The
thickness of the outer #D layer must lie in a range between 80 to 170 km, with smaller
layers corresponding to larger metallic cores and smalkantia densitiesAnderson et aJ.
1998]. Since the densities of solid ice and liquid water &g/ ¢lose to each other, gravity
models cannot distinguish between the two.

The H0 layer is likely composed of three sub-layers: an outetiela= layer, an underlying
ductile layer of potentially convecting ice, and a lowerdayf liquid. Estimates of the
thickness of the outer ice layer range from smaller than 1dua. [Billings and Kattenhorn
[2005], Carr et al. [1998]) to 20 km Bchenk2002]. Thermodynamic analyses suggest that
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Metallic Core Cold Brittle Surface Ice

Rocky Interior Warm Convecting Ice
H,O Layer

Metallic Core Ice Covering

Rocky Interior Liquid Ocean Under Ice
H,O Layer

Figure2.2:  Artist's drawings of two proposed models of the subsurfaaetire of Europa. The

geologic features on the surface might be explained eitlyethb existence of a warm, convecting
ice layer, located several kilometers below a cold, britleface ice crust (top model), or by a layer
of liquid water with a possible depth of more than 100 kilaengt(bottom model). (Courtesy of

NASA/JPL-Caltech.)
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the ocean should be located at a depth of 30 to 60 Hos$mann et al.2002; Spohn and
Schubert2003].

2.1.2 Neutral atmosphere and ionosphere

Europa’s atmosphere was first detectedHall et al. [1995] using the Hubble Space Tele-
scope Goddard High—Resolution Spectrograph (GHRS). Thegreed atomic oxygen emis-
sion at 135.6 and 130.4 nm and interpreted the observedsityeatio as evidence for elec-
tron impact dissociative excitation ohbOThe absolute intensities imply a molecular oxygen
atmosphere with column density of (1450.5) x10'°® m~2 on Europa. The oxygen atmo-
sphere has been confirmeddgll et al. [1998] inferring molecular oxygen column densities
in the range of~(2 — 14) x 10'® m~2 on Europa.

The atmosphere of Europa is produced by the interaction@fetic charged particles with
Europa’s surface in which processes that give rise to chenltanges occur (radiolysis).
Besides the ejection of surface material by energetic ewaparticles (sputtering), radiol-
ysis, and radiation damage also contribute to Europa’s sjimere Johnson et al.2004;
Paranicas et al.2001; 2002]. Several numerical models to study variousespf Europa’s
atmosphere have been developBdspieszalska and Johnsfr989] studied the spatial dis-
tribution of the impacting torus ions depending on theiroedly distributions. Saur et al.
[1998] find, by using a 3D plasma interaction model, that atiggrmal torus ions with a con-
tribution of thermal ions sputter £from the surface water ice and that the primary loss is
due to atmospheric sputtering by thermal torus ions. They show that the re-sputtering
mechanism proposed by [1996] contributes only in a very minor way to the total spuit
ing rate. Shematovich and Johns§2001] developed a collisional 1-D Monte Carlo model
of Europa’s atmosphere which was then extende&bgmatovich et a[2005]. They cal-
culate atmospheric density, temperature and escape flufueeon of the surface source
rate. In their model the primary atmospheric loss mecharssatectron-impact ionization
and pick-up.

Recent images of Europa’s atmosphere obtained with the H#EeSTelescope Imaging
Spectrograph (STIS) show a surprisingly inhomogeneous36J6lnm emission patterivic-
Grath et al, 2004]. They show a maximum emission on the anti-Jovian seingre within
the disk of Europa. This feature is not yet understood andhtiiglicate an inhomogeneous
or even dynamic atmosphere at Europa.

Atomic Na and K are observed in the extended atmosplenmynlee et al. 1996;Brown,
2001]. They occur in a ratio different from that at lo, andnfraneteoritic or solar abun-
dance ratiosBrown 2001;Johnson et a).2002]. Therefore a subsurface source of alkalis is
suggestedJohnson et a).2002;Leblanc et al. 2002].

Recently, a large neutral cloud, with the most likely camntints being hydrogen and oxygen
species, was detected near Europa’s orbit based on Cas=maifgetic neutral atom (ENA)
image of the Jupiter system acquired with the Cassini Magpdteric Imaging Instrument
(MIMI) [ Mauk et al, 2003]. They found that this neutral cloud is comparablésimmount of
material to lo’s neutral cloud, which suggests that Eurepéfnosphere has a substantial es-
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caping flux of neutrals. The smaller oxygen component wasctir observed by the Cassini
UltraViolet Imaging Spectrograph (UVISHansen et al.2005].

Kliore et al. [1997] detected an ionosphere on Europa by using Galilem ractultation
measurements. They derived a maximum electron densityoaftdl®,000 cm?® with a scale
height of 240 km. By assuming a radial symmetric ionosphi¢liere et al.[1997] found a
strong asymmetric ionosphere with maximum densities ofldinés and minimum densities
downstream.

Plasma observations WBaterson et al[1999] andGurnett et al.[1998] have not detected a
strong ionospheric signature for Europa’s wake regionrdyutie E4 flyby.

2.1.3 Plasma parameters

Based on Voyager | plasma conditions atBagenal1994] predicts thermal plasma densities
at Europa’s orbit of 35-40 cn? off the equator and values of 80-110 tPmear the equator.
The analysis of the Voyager | plasma science (PLS) measuntsrshows that plasma elec-
trons at Europa’s orbital distance are composed of a coldhooent with densityre = 38
cm 3 and temperatur@ = 20 eV, and a hot component with density= 2 cm 2 and tem-
peraturele = 250 eV [Sittler and Strobel1987;Bagena) 1994].

lon density, bulk velocity and ion temperature were obtaidering the Galileo E4 and E6
flybys by PLS plasma measuremerfaterson et al.1999]. Upstream values found for the
ion number densities are24 cni 3 and ~12 cnt 3 respectively. The observations show
evidence for pickup ions in the downstream region. Also, ramméase in ion densities by
factors less than 3 at altitudes of 600—700 km as well as dieiteof the plasma flow is
observed. In addition, evidence of boundaries in the ne&ewaat indicate a structured
wake are found. Flow speeds in the upstream region are tensigithin 20% of the speed
of rigid corotation. Major constituents found areé Q0%+ and $+.

Plasma wave observations were obtained with the PWS expetiom Galileo during various
Europa flybys Gurnett et al, 1998;Kurth et al, 2001]. By using the upper hybrid resonance
band they determined the electron density profiles durirudp @d the Europa flybys. The
background densities vary between 18 and 250¢depending on Europa’s position in the
plasma sheetKurth et al. [2001] report that electron cyclotron emissions are ofteans
upstream of Europa at distances of 2—3 Rhile a band of whistler mode emissions with a
bandwidth of~2 kHz centered near 3 kHz is often seen within ahdRthe surface, except
in the downstream region. They also observe electrostalitary structures in the wake of
Europa.

Data from the Energetic Particle Detector (EPD) show sigaifi count rate decreases when
Galileo is in Europa’s wakeHaranicas et al.2000]. For the E4 flyby they find that the ener-
getic particle wake is shifted toward JupitBaranicas et al[2000] find that the radial extent
of the wake is comparable to the satellite dimensions. Byyaimay pitch angle distributions
of energetic ions they suggest flow speeds upstream of Ewbps—70 km/s. However,
ultraviolet emissions from the footprints of lo, Ganymeae &uropa studied with the HST
STIS byClarke et al.[2002] suggest that the plasma at Europa’s position neariytates.
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Jovian magnetic field 420 nT
Electron number density 18-250 crh
Corotation plasma flow speed 104 km/s
lon mass 18.5amu
lon temperature 100 eV
Electron temperature 100 eV
Alfvén Mach number 0.47
Sonic Mach number 0.9
Fast Mach number 0.42
Plasma beta 0.32

Table2.2: Averaged plasma and field parameters of the ambient magietds plasma at Europa.
After Kivelson et al. [2004]

Typical parameters of the ambient magnetospheric plasiaarapa are shown in Table 2.2.

2.1.4 Magnetic field

From magnetometer data acquired during the primary phageedbalileo mission and the
subsequent Galileo Europa Mission an interesting pictiti@somagnetic environment at Eu-
ropa emergedqivelson et al.2000; 1999Khurana et al, 1998]. Besides magnetic field per-
turbations owing to the interaction of Europa’s atmosplveth the Jovian magnetospheric
plasma, there is evidence for electromagnetic inductikimggplace in the interior of Europa
due to the time varying external magnetic fieMieubauey 199&;a]. Therefore, the obser-
vations support the idea, that a global subsurface contutdiyer may be present. While
induction signatures are clearly visible in the data whemopa is well outside Jupiter’s
current sheet, the strong plasma interaction dominatedaes the induction effect when
Europa is close to the center of the current shéetdlson et al, 1999].

First bounds on the characteristics of the current carriaygr were set byZimmer et al.
[2000] (see section 2.2Neubaue1999] investigated the influence of the induction effects
on the Alfvén wing. He showed that as a consequence of thectimh effects the Alfvén
wing is modified, e.g, for a small Alfvén Mach number, the maxm Alfvén wing current

is reduced.
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2.2 Models of Europa’s magnetospheric interaction

Theoretical models of the electrodynamic interaction ohtltite with the Jovian magneto-
sphere were initially developed for lo. The first model whagscribes the electrodynamic
interaction between lo and Jupiter was the unipolar induaiadel byPiddington and Drake
[1968], which was then improved oldreich and Lynden-Be]lL969]. They proposed that
lo is coupled to Jupiter’s ionosphere via field-aligned ents through the magnetospheric
plasma which is moving relatively to lo. Thereby they sumgptiee Jovian field to be frozen
into lo. After the discovery of the lo plasma torus by Voyafighe way of electrodynamic
interaction had to be reconsidered and a full MHD descnipti@s necessaryDrell et al.
[1965] developed a linear Alfvén wave model, which was edtl to the nonlinear interac-
tion case byNeubauef1980]. Further aspects of the Alfvénic interaction wedd@ssed by
Goertz[1980] andSouthwood et al1980]. Neubaue1998] developed a general Alfvén
wing model which includes the unipolar inductor modeiddington and Drake1968;Gol-
dreich and Lynden-Bell1969] and the Alfvén wing modeDirell et al., 1965; Neubauer
1980; Goertz 1980] as two extreme cases depending on the travel time affaen wave
propagating from lo to Jupiter. A more detailed review of theoretical concepts of the
interaction can be found, e.g., 8aur et al[2004].

Saur et al.[1998] developed a stationary 3D, two fluid model to desctii®local plasma
interaction of Europa with the Jovian magnetosphere asasethe sources and sinks of Eu-
ropa’s atmosphere. In their model they calculate selfistastly plasma density, velocity,
and temperature for the electrons and one ion species, aneldébtric current and electric
field, but do not self-consistently calculate the magneéldfi Besides their results on Eu-
ropa’s atmosphere (see section 2.1.2) they find that eleampact ionization can generate
Europa’s ionosphere at the electron densities measurédidng et al. [1997]. In their cal-
culation the electron impact ionization rate is 906 s~1, which is more than one order
of magnitude larger than the photoionization rate.

Kabin et al.[1999] developed a 3D single fluid model which solves thelit#dD equations.
They thereby neglect recombination and have no resisiivityded in the codeKabin et al.
[1999] calculate plasma density, velocity, pressure, andmatic field in the vicinity of Eu-
ropa and compare their results with the Galileo E4 flyby dakeeir results suggest that during
the Galileo E4 flyby, the plasma flow may have been deviated fiftte nominal corotation
direction by about 2Q which was also indicated by the PLS measuremdrdsefson et al.
1999]. For the internal magnetic field they use a fixed permiadgpole with orientation
close to that of an induced dipole.

Liu et al. [2000] studied Europa’s interaction with Jupiter's magsghere by using a two
species ideal MHD model. Two species means, in their casg siblve two continuity equa-
tions, one for the upstream magnetospheric plasma and otteefeonospheric species. Ac-
cording to this definition our model (described in chaptec#) also be considered as a two
species model. Although they include ion-neutral collisian the momentum equation, they
therein neglect mass loading as well as resistivity in tliRigtion equation. They also use
a fixed permanent magnetic dipole as an internal field of Eaeopl a rotated plasma flow
upstream of Europd.iu et al. [2000] compare their results with the Galileo E4 flyby data.
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Zimmer et al[2000] investigated the implications of the observed iretlimagnetic fields
for the electrical structure of Europa’s interior. By usagimple shell model they are able to
sets bounds on the characteristics of the current carrgyey.| They find that the magnetic
signature at Europa is consistent with more than 70% of ttheded dipole moment expected
for a perfectly conducting sphere. Therefore, currentsegaired which flow in a shell with
conductivity of at least 60 mS/m and close to the surfacehiivia 200-300 km depth). They
argue that solid ice, an ionosphere or a conducting coreataeproduce the amplitude of
the observed magnetic perturbation. In additidimmer et al[2000] argue that it seems to
be very unlikely that the magnetic signature can be expthimeinduction taking place in
a conducting mantle only. They therefore support the idemsafbsurface ocean. However,
they do not use a numerical model in order to take the plastegaiction of Europa with the
Jovian magnetosphere into account. Instead they treatetiagrerturbations due to local
plasma currents as noise. Therefore, a detailed numerigdélng can help to narrow the
estimation of the induced fields and can thus further coimstree conductivity distribution
(see also discussion Bimmer et al[2000]).

None of the numerical models so far have included periodie tvarying magnetic fields,
i.e., induced magnetic fields, from the interior of Europaeriefore, we develop a model
to study the time dependent plasma interaction betweenpawand the time varying Jovian
magnetospheric plasma. We thereby have a different apptban, e.g.Saur et al.[1998]
who studied in detail the sources and sinks of Europa’s akatmosphere.
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CHAPTER 3

L IMITS ON AN INTRINSIC DIPOLE MOMENT IN
EUROPA

In this chapter we investigate whether a fixed permanenteipoment is present in the inte-
rior of Europa in addition to the induced dipole moment poergly identified. Therefore, we
fit Galileo magnetometer data acquired on several low diifpasses to models of increasing
complexity. This procedure is used as a preparatory studgupinteraction model which
is subject to later sections. We do not use our time-dependetD-model (described in
chapter 5) for the following analysis.

3.1 Posing the problem

The magnetic field at Europa arises from a number of diffesentrces. First, there is the
time-varying background field of Jupiter that varies peigatly at the moon’s synodic pe-
riod owing to the tilt of Jupiter's dipole moment. In additioexternal magnetohydrody-
namic (MHD) interaction currents (Alfvén wing current)vl within the plasma of Jupiter's
magnetosphere and close through Europa’s surroundingslagprurrents and ionospheric
Pedersen currentdlpubauer1998)]. The closure currents increase the field magnitude up-
stream of Europa and decrease it downstream and can thereiaric internal moments
in a limited data set. Those currents generate local magpetiturbations near Europa.
Besides these signatures, evidence for electromagneéiiction, theoretically discussed by
Neubauef1998], was found in the dataghurana et al, 1998;Kivelson et al. 1999; 2000].
The electromagnetic induction requires a global scale ectivay shell close to the surface of
the moon Zimmer et al, 2000]. As a consequence of the induction effects the Alfwing

is modifiedNeubauef1999]. In addition, it is possible that there is also a parerd internal
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System 11l 1965.0 Europa planetographic | Magnetospherig

Flyby | R Lat | WLon | Alt (km) Lat E Lon Mag Lat Data?
E4 | 9.43|-0.21| 156.8| 695.1 | -1.65 | 3224 6.54 Yes
E6 | 9.43|-0.49| 341.7| 589.3 | -17.02| 34.7 -7.80 No MAG
E11 | 9.35| -0.30| 222.7 | 2046.3 | 25.73 | 218.7 8.67 Yes
E12 | 9.46|-0.13| 117.7| 204.0 | -8.66 | 134.3 0.91 Yes
E14 | 9.49| 0.01 | 184.3| 1647.1| 12.20 | 131.2 9.15 Yes
E15 | 9.51|-0.32| 292.8| 2517.5| 15.00 | 225.4 -0.46 Yes
E16 | 9.38| -0.13| 123.5| 1837.2 | -25.65| 133.6 1.78 No Data
E17 | 9.39| -0.65| 139.9| 3585.4 | -42.43| 220.2 3.83 Yes
E18 | 9.34| 0.25 | 308.9 | 2273.8| 41.34 | 139.8 -2.53 No Data
E19 | 9.29| -0.14| 260.7 | 1442.4| 30.52 | 28.1 4.83 Yes
E26 | 9.46| -0.58| 2.3 346.4 | -47.09| 83.4 -9.51 Yes

Table3.1:  Characteristics of the Europa encounters

magnetic moment hidden in the signatures of the above tomins to the magnetic field.

Here we look for evidence of a permanent magnetic dipole.prbblem thereby is different
from that addressed biivelson et al.[2002] for Ganymede where the induction effect is
small compared to the permanent internal dipole moment. Gnoga, there is a strong
signature of an induced magnetic field, whigimmer et al[2000] have shown to be nearly in
phase with the inducing background field (see their Figuaestdl b, which show that a phase
delay of zero degrees gives the best fit toBh@erturbations and that tig perturbations are
too strongly affected by the Alfvénic bends of the field toyide a consistent estimate of the
phase delay). The maximum of the inductive field appears sigmeficantly stronger than the
permanent internal dipole field that we seek to quantify h&hes fact makes it complicated
to establish the properties of the internal multipoles afdpa and to separate them from the
inductive response. In addition, strong perturbationsimu@osed by the external currents
mentioned above when Europa is located near the center pfabma sheet.

We approach the problem by fitting the data from all Europa@asit altitudes: 1800 km
to increasingly complex models. The cutoff altitude is loasa the following argument.
For passes well off the equator, field fluctuations from Ig@akma currents of order 20 nT
are very common. The amplitude of an inductive responsed@@0 nT amplitude time
varying field near Europa is less than 200 GEF)S HereRe is the radius of Europa =
1562 km and is the distance from the center of Europa. At 1800 km altifutles field
equals 20 nT. Information on Europa encounters is shownlieTa 1. Initially we represent
Europa’s internal sources as a dipole moment fixed for allyBlydind seek the best fit to the
data, representing the external perturbations by a unifealehthat varies from pass to pass.
We next allow also for an inductive response and improve tebff determining a single
additional parameter, the efficiency with which this resgois generated. Next, we assume
that the fixed internal permanent sources include quadeugslwell as dipole moments.
Subsequently we approximate the dominant perturbatiar the magnetohydrodynamic
interaction with the flowing plasma of Jupiter's magnetasphusing a simplified model of
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the Alfvén wing current system and solving for the field witie Biot-Savart equation.

Before proceeding with a discussion of the analysis, we b@edmment on the coordinate
systems used. The magnetic field of Jupiter's magnetospheomveniently analyzed in the
EphiO coordinate system centered at Europa witlz-asis along Jupiter’s spin axi€)(—
"O” represents the Jovian spin axis direction), fhaxis along the radius vector towards
Jupiter (positive inward) and theaxis azimuthal ("phi” represents the azimuthal direc}ion
with respect to Jupiter. The internal moments are calcdlate Europa-centered spherical
coordinate system with colatitude measured from Eurogarsaxis and longitude measured
from the nominal Jupiter-facing meridian. The actual Jergiacing longitude can be as much
as 22° off of the reference direction because of the finite ecceityrof the orbit and slight
inaccuracies in the definition of the planetary longitudée3e small angular inaccuracies
are within the errors of fit from other sources and are theeefmt considered. The.®
inclination of Europa’s spin axis relative to the spin axfsJapiter is also ignored. The
rotation period and the sidereal period are identical toghificant places (IAU-2000), so
it is not necessary to correct for non-synchronous rotdiigeissler et al. 1998] during the
Galileo mission.

3.2 Fitting Europa’s Internal Sources

3.2.1 Method
3.2.1.1 Selection of Data

Coefficients for best-fit dipole models (for two of the earlgli®o passes) can be found in
Kivelson et al.[2000]. These dipole moments are inconsistent from one fzassiother.
Therefore, as a first step, we attempt to fit the data from Vamt passes to a single best-fit
dipole moment. As discussed above, we focus only on pasaesdme within 1800 km
of the surface so that signatures of internal sources careley}cdetected. Following the
convention of labeling passes by a letter indicating théi@adar moon (E for Europa) and
the number of the Galileo orbit on which it was encountered,identify passes E4, E14,
E19 and E26 as satisfying the altitude criterion. In ordexttaracterize a possible permanent
dipole, passes on Europa at different longitudes must beded (see Table 3.1). Figure 3.1
shows that collectively, the four passes are well sepaiatEdropa longitude.

Pass E12 was a low altitude pass, but it occurred when Eurapdogated close to the center
of the magnetospheric current sheet, where exceptioraiye|perturbations due to strong
pickup are foundKivelson et al. 2000]. Because of these perturbations, it is very hard to
identify contributions to the magnetic field of internalgn. Therefore, this flyby was not
optimal for analysis of internal sources and was not useddofit. However, E14 was nearly

at the same Europan longitude, so elimination of E12 doesffiett coverage of Europan
longitudes.

Below we will show that a fixed internal dipole moment does maivide a good fit to the
full data set. Improvements are significant when the efféehauction is included in the
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Galileo Europa Flyby Trajectories {(EphiO)
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Figure3.1: Plots of Galileo’s passes by Europa. In the Cartesian Cawth System (EPhiO), X is
along flow direction, Y is along the Europa-Jupiter vectodahis along the spin axis.
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KK97 model field vs. System Il longitude: Europa

300 F2 e G e R

B e N

r i N
-150 § o
-300 h MR B ]
600 —————r |

5 450 | L
i .

o 300¢ .
150 § Co

0 ]

300 g T T T T LS B L N I N B
150 { P | |
: |

|

-150 { P | |
_300' ..... Ly vy A B P
600 """ T UEE I LN I I I T B A
4 0p———— 1 I t+—T | | i
|B| 300 § ’
150 |

0 60 120 180 240 300 360
West Longitude ( time increases - - - >)

UCLA MAG: July 10, 2001 (solid = data available, CA < 1800km
dashed = data available, CA > 1800km
dotted = no data available)

Figure3.2: KK97 field model [Khurana, 1997], representing the radiad)gr and azimuthal com-

ponents of the magnetic field at the position of Europa as atifum of its west longitude relative to
the origin of System lll. Labels are given on top for passdsvibd 800 km with data and are placed
above the 2nd row for passes that had no magnetometer dateedilmr had data but were above
1800 km (dashed). Vertical markers showing where the paxsas relative to west longitude. The
dots on B represent the value inferred from the data taken near CA endlevant passes.

calculations. An induced response depends on the amphkinderientation of the external
inducing field, the time varying part of Jupiter's magnetediat Europa’s location. The
dominant variation is in the radial component which is outivabove the magnetospheric
current sheet and inward below. In order to determine whetheinductive response is
present, it is critical to include data from passes at dffieipositions relative to the current
sheet. The E4 and E14 flybys occurred when Europa was welkahewcurrent sheet, while
the E26 flyby occurred when Europa was located well below tineeat sheet as can be seen
from Figure 3.2 afteKhurana[1997]. The E19 flyby occurred when Europa was slightly
above the current sheet. Because this set of passes provedssirements over the full range
of orientations of the inducing field, it is well suited to dehining if an induced magnetic
field is present.
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3.2.1.2 Mathematical Method

In order to determine the internal moments we use a leastes)fiiing technique described
in Kivelson et al.[2002]. For each pass, the background field of Jupiter’s reexgphere
(Bng) is obtained from a polynomial fit to the field data measurefdigeand after the in-
terval in the vicinity of Europa and this background field idbsacted from the data. The
extrapolated background field is plotted as a black curvegares 3.3 - 3.6. For each of the
passes (i = 1 - 4), we calculat®8' = B' — B}, for each data point in pass i. Next the data
from all four flybys were combined to form a single data setly@mose portions of the flyby
data that yield information useful for characterizing mnta field sources were retained. The
intervals selected are tabulated in Table 3.2. In order terdene both fixed and varying
internal moments, global coverage that balances the boitivhs from different planetary
longitudes and latitudes is desired. By weighting the pmggth a factor that depends in-
versely on the maximum perturbation encountered on the pasgnprove the sensitivity of
our model to measurements taken at varying locations andrging phases of the driving
field. We avoid a disproportionate focus on modeling acelydhe data from a single pass
and erroneously interpreting its instantaneous indudigld as a permanent field. Without
weighting, passes with clear but relatively small perttidres, whose phases and amplitudes
provide valuable information, contribute virtually natlgito the model, as discussedivel-
son et al[2002]. FollowingKivelson et al[2002], we define the weighting factor for pass i
asw; = \/% wheredB' = \/ (8BL)2 + (3B})2 4 (8Bl)2. HeredBy,,, is the maximum
perturbation field strength in théh pass. The measured perturbation data are related to the
matrix of the model field coefficientsby a MatrixA that represents the spatial dependence
of the measured data. The model parameters are determared fr

x = (WATWA)"TWATWSB (3.1)

whereW is a diagonal weighting matrix composed\/tqfl. In order to confirm if the model
provides a good representation of the data we calculateotitawean square deviation from
the data (rms). To balance contributions from passes ardiit altitude we calculate also
the weighted rms deviation (rmsw) defined by

6B'n 5B|n
rmsw= %(( dataWi2 odel) >4N (3_2)

whereN is the total number of data points over all passes @&f.,, — 8B ..) is the
difference between the measured and the modeled data poitit@ith pass.

To validate the least square analysis and to estimate tlityaif the fits we use a generalized
inverse technique, referred to as Singular Value DecontipagiSVD) [Lanczos$1961]. This
technique is commonly used and has proved to be very usefuiversion problems in the
field of applied geophysics [e.glackson1972]; Pederserj1975]. Connerney et al[1981]
applied the technique to the analysis of planetary magfietas andKivelson et al[2002]
applied the technique to infer an inductive response fromy@eede. This work relies heavily
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pass Start Finish

EO4 06:42:58 07:00:58
E14 13:10:16 13:32:16
E19 02:04:50 02:30:50
E26 17:53:02 18:07:02

Table3.2: Time intervals used for calculations

on the methodology developed in the latter paper. SVD deosegpthe MatriXA in order to
get the Least Square Invereby introducing additional matrices as follows:

A=UAV'T = H=VAU' (3.3)

U, A\ andV satisfy the following eigenvalue problems:

AATU = UA? (3.4)

ATAV = VA? (3.5)

The properties otJ, A andV give insights into the inversion process, and were useddn th
analysis described below. It is important to point out has a diagonal matrix whose ele-
ments (ordered from largest to smallest) are referred toargeophysical literature as eigen-
values Jackson1972;Wiggins 1972;Pedersenl975]. There is ground for confusion in the
nomenclature. In commonly used software like Matlab, Matagca, and IMSL, the square
root of the eigenvalues &' A (see equations 3.4 and 3.5) are referred to as singularsvalue
yet they are identical with the eigenvalues of the geoplayditerature whose conventions
we follow here.

3.2.2 Europa’s Internal Sources Fitted With a fixed Dipole Manent

At first data were fitted with a single centered internal dggoloment, which was not allowed
to vary, and a uniform magnetic field that was allowed to vaionf pass to pass. These
uniform fields provide a first order approximation to the ciimitions arising from local
plasma currents. In section 3.2.4 we model the externaltelce realistically. The uniform
field that we begin with appears in the multipole fit as the fnster external coefficients.
The model requires 15 parameters: 4 different sets of 3 peteasithat represent the uniform
fields of the different flybys and 3 additional parametersharacterize the fixed internal
dipole moment. The results are shown in Table 3.3. The catledlparameters are consistent
with an internal dipole characterized by an equatorialagffield magnitude M = 79 nT
tilted by 61 from the spin axis and rotated by <12om the Jupiter-facing meridian toward
the leading hemisphere. The rms-error of 32 nT is large fereihtire data set and the rms
of 69 nT for E26 is especially large. The same is true for thghted rms-error (see Table
3.11).
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pass @Y ot hi G Gi HI rms
38+5 68+3 -14+3

EO4 1742 -7£1 8+1 21

El4 10+ 1 2+1 2+1 8

E19 15+1 -3+1 -6+1 10

E26 8+3 -14+3 103 69

32

Table 3.3:  Fit to a fixed dipole moment with external UMF varying from g&s pass. Units are
nT for all entries. § =M, gi = My, ht = —M are the internal moment coefficients. The external
coefficients of the fit relate to the uniform magnetic field ponents in EPhiO by @3: —-UFZ,
Gi=—-UFY,H =UFX.

There is strong evidence for an induced magnetic field on faufidivelson et al. 2000].
Therefore, in the second fit, we introduce an additional patar to account for the effect
of induction. The dominant variability of the backgrounddies in the direction radial from
Jupiter (Y-direction in EphiO) and to a lesser extent in thheation of corotation with regard
to Jupiter (X-direction in EphiO). We assume therefore thatz-component of the induced
dipole moment vanishes for all passes and Mgt) andMy(t) respond to the time varying
driving field Bpgy(t) and Bpgy(t) as Mx(t) = Myo — aBpgx(t) and My(t) = Myo — aBpgy(t).
Myo andMyg are the X- and Y-components of the constant dipole momedittteminductive
contribution is opposite to the driving field. The factodescribes the efficiency of response
to the driving field. For a perfectly conducting Europa thgp@nse factoo would be equal
to 1. Values ofa < 1 arise because of finite electrical conductivity and thatéd spatial
dimension of the conducting layer.

Using the same fitting technique as above, we get the resultgrsin Table 3.4. The dipole
coefficients change when induction is included. Theerm is slightly enhanced, while the
g%-term is strongly reduced, leading to a dipole moment wittfese field magnitude M =55
nT tilted by 16 from the spin axis and rotated by #om the leading hemisphere toward the
anti-Jupiter-facing meridian. The reduction of the rmoeto 17 nT over the full data set and
of the weighted rms-error (see Table 3.11) is consideraiilefais reduction provides strong
support for the actual presence of induction effects on gaiwrélowever, the response factor

pass  @f o hi o GY Gl HI rms
53+3 -1+£2 -15+2 1.10+0.02

EO4 -20+£1 -8+1 5+£1 22

El4 8+1 31 0+£1 6

E19 11+1 -4+£1 -6+1 8

E26 16+2 -10=2 64+2 29

17

Table 3.4:  Fit to a fixed dipole moment including induction with extdrddF varying from pass
to pass. Units of the multipole coefficients and the rms ar€lin
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? o} hi o 03 93 h3 hs
1746 80+3 1+t3 94+8 80+5 -10-3 83+5 -62+4

pass GY Gi Hi rms
EO4 -84+ 2 -13+1 12+ 1 17
El4 12+ 1 4+1 0+1 6
E19 12+ 1 0+1 -4+1 9
E26 28+ 2 -12+1 24+ 2 56

26

Table 3.5:  Fit to fixed dipole and quadrupole moments with external UMFying from pass to
pass

is somewhat over 100 %, which is unphysically high unles<theents flow in an extended
ionosphereZimmer et al[2000] showed that an ionosphere or a cloud of pickup ionsas t
resistive to produce the observed induction response. if@less currents flowing through
the ionosphere or along the Alfvén wing can produce sigeatof dipole and higher order
moments which are not included by using a uniform magnetid {iéMF) for the external
field. Before we try to take this effect into account, we irigete if the discrepancy above
can be reduced by adding higher order internal moments.

3.2.3 Europa’s Internal Sources Fitted With Fixed Dipole ard Quadrupole
Moments

In this section we consider whether contributions of inéimgher multipole moments are
important. We do the calculations both including and exicigdhe induction effects and
once again we use different uniform fields for each pass toackerize the effect of plasma
currents as a first order approximation. With 5 additiona&peeters needed to represent the
guadrupole coefficients, we now fit 21 (20 without inductipajameters. By using the same
fitting techniques as above, we get the results shown in $&bteand 3.6. Again we can see
that the fits are considerably improved (smaller rms-efratsen we include the induction
effect.

Very apparent is the change of the dipole coefficients eapgdor the g(l’-term. By com-

paring the coefficients in Table 3.4 and Table 3.6, one canhsgehe strength of the dipole
coefficients drops when the perturbations are represemtedmns of quadrupole coefficients.
The introduction of induction changes the permanent iedipole, which is found to have
a surface field magnitude M = 39 nT, tilted by°ZPom the spin axis and rotated by“18om

the Jupiter-facing meridian toward the leading hemisph&he induction response factor is
slightly reduced by the addition of quadrupole terms. Hovegomparing the results in Ta-
bles 3.4 and 3.6 (both including induction) one sees thaathktion of internal quadrupole
moments produces only a small reduction of the weightedems- (see Table 3.11). The
improvement is not as large as would be anticipated in a moitlel5 additional parameters.
Also the resulting quadrupole coefficients are large coexgbto the dipole coefficients which
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) o} hi a 9 9 03 h3 hs
31+5 22+3 -7+2 1.00L003 68+6 13+4 -24+2 63+-4 -38+3

pass GY Gi Hi rms
EO4 -10+1 -11+1 8+1 15
El4 71 3+1 -1+1 4
E19 9+ 1 2+ 1 -5+1 7
E26 30+ 2 -10+ 2 11+ 2 41

19

Table 3.6  Fit to fixed dipole and quadrupole moments including indarctith external UMF
varying from pass to pass

is not realistic if the quadrupole moments have an interngiroin view of the maximum
size of the core available for dynamo action. These resugjgest that the external field may
be poorly represented by our modeled uniform field and tretmph currents should be taken
into account.

3.2.4 Model Including an Alfvéen Wing Current System

In the vicinity of Europa the interaction between the iortome and the magnetospheric
plasma plays an important role. Plasma approximately atngf with Jupiter interacts with
Europa and both the field and the flow are affected. In pagican Alfvén wing current
system developsNeubauey 1980]. The interaction causes the field to drape over Eyropa
pulled downstream by the flow. At the same time, the closureeats enhance the field
magnitude upstream of Europa and decrease it on the doanss&le. As a first order
approximation we can model the most important aspects ®friteraction with a ‘wire frame
model’ used for lo byKhurana et al.[1997] and described below. Although the interaction
currents are distributed in space and the wires are not,dherént field perturbations are
represented quite well away from the local regions in whighwires are present.

3.2.4.1 Description of the Wire Current Model

In the model ofKhurana et al.[1997], the Alfvén wing currents are modeled by current-
carrying sets of wires distributed on two cylindrical suda that intersect the ionosphere
(R = 1.08re with the radius of EuropaRg) equal to 1562 km) of Europa at20° latitude.
The wires align with the Alfvén characteristics

Bo
v/ HoP

The current is distributed over the cylinder by agilaw, where@ is the azimuthal angle
measured from the positive x-axis and the wires are sephigtA@ = 4°. The wires have

Vx =Vo=+

(3.6)
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Pass lon Number Density Total Curre{q{n!—m(J

[cm—3] Dip+Ind Ind Dip+Quad+Ind
EO4 75 0.14+ 0.01 0.10+0.01 0.27+£0.01
El4 60 0.29+0.01 0.31+0.01 0.25+0.01
E19 150 0.22£ 0.01 0.23+0.01 0.22+0.01
E26 30 0.2A40.02 0.33-0.02 0.31+0.02

Table3.7:  lon number densities used and total current obtained fodifferent flybys in the Al&n
wing model

a finite thickness of 0.0Rg in order to avoid infinities. At the position of the spacetraf
we calculate the magnetic field due to the Alfvén wing cuisdasy solving the Biot-Savart
equation for each wire current. The Alfvén wing currentates the background magnetic
field but should not change its magnituég, In order to impose this condition, we transform
the field calculated from currents flowing in one wing into &itvén wing coordinate system,
whose z-axis corresponds to the axis of the Alfven wingmér Neubauer1999]. We then
set

B,— — \/ B2 — B2 — B2 (3.7)

The primed quantities are in the Alfvén wing system. Thiesave transform back to our
original coordinate system. The currents are closed neamibon by three ring currents at
—20°, 0° and 20 latitudes with acosp distribution around the moon. These closure currents
enhance the field upstream and reduce it downstream. Thentsitare equally distributed
among the ring currents, so that 1/3 of the total Alfvén wingrent flows in each ring.

3.2.4.2 Input and Results

For each flyby we determine the current strength needed teihtlogl data. The theoretical
maximum current in one Alfvén wing is given INeubauef1980]

|max: 4EORNZA (3-8)

wherekEy is the electrical field across the modRy is the radius of the Alfvén wing anka
is the Alfvén conductance given by

1
A= .
Hova/ 1+ M3 -+ 2Masir®

(3.9)

However, if the Alfvén conductivity is not negligible cormmed to the ionospheric Pedersen
conductivity of Europa, the total currehflowing in one Alfvén wing will be less thahyax
[Neubauer 1998)], 1998]. Therefore we include an additional paramqnﬂg which is al-
lowed to vary from pass to pass. In this case the externahpeteas arqn:—ax for each pass, so
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pass @Y ot hi a rms
12+3 20+1 0+2 0.96+0.03

EO4 19

El4 7

E19 9

E26 29

16

Table3.8: Fit to a fixed dipole moment including induction with Afvwing model

the number of external parameters drops to 4. The ion nundresity, required to calculate
the Alfvén velocityva, is estimated from PWS data measurediyth et al.[2001]. In Table
3.7 we list the ion number densities that we used and the leédclitotal current strengths
for the different flybys. Again the background field of Jupit&s subtracted, and the fitting
techniques described previously were used to infer thenatanoments. The number of
internal parameters to be determined drops to four: threanpeters for the fixed internal
dipole moment, one parameter to characterize the effecidofation.

In our model we did not take into account the effects of inaucbn the geometry of the
Alfvén wing [Neubauer 1999]. Also our Alfvén wing model (AWM) has a circular css
section; we did not allow for a distortion of the Alfvén winghis simplification may result
in a phase shift in some components of the model comparee tmé&asured magnetic field.
However, the Alfvén wing model describes the local plasmmaents more realistically than
the uniform magnetic field.

Results of the calculations are shown in Table 3.8. The Gtled dipole coefficients differ

from those found when we represented effects of externatity by using a uniform field.

The resulting permanent internal dipole has a surface fielgmtude M = 23 nT, is tilted

by 59 from the spin axis and directed toward the Jupiter-facingiaren. The calculated

response factor for the induced field is 96 %. Although the Imemof internal parameters
is reduced to four, the rms-error (and the weighted rmsreisacomparable to those of the
other models. Also we show in the discussion that using tie gurrent model improves the
fits to some field components measured on the different flybys.

Because the dipole coefficients resulting from the calauiat above are quite small, we

pass a rms
0.98+£0.01

EO04 22

E14 6

E19 10

E26 26

17

Table3.9:  Fit to induction response with Alén wing model
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? o} hi a 09 9 93 h3 hs
42+3 7+1 14+3 1.00£003 9+4 30+3 18+2 -33+3 54+2

pass rms

EO4 14
El4 4
E19 7
E26 30

15

Table3.10:  Fitto fixed dipole and quadrupole moments including indarctivith Alfven wing model

now investigate whether any permanent internal dipole nmimseequired by including only
induction effects. Again we subtracted the background feld the contributions from the
Alfvén wing currents and used the same fitting techniquebmy@& Results in Table 3.9
show, that the induction response is identical within thherebounds whether or not we fit
permanent dipole moments. The weighted rms-error and teesrmor are comparable, with
3 fewer parameters.

To complete our investigations and as we show in the disoagsireduce the remaining dis-
crepancy between the modeled magnetic field and the madieédidata, we finally allow for
permanent internal dipole plus quadrupole moments ancctiwueffects, using the Alfvén
wing model to describe the external local currents. Conmgattie results in Table 3.10 with
Table 3.8, we find an enhanced permanent dipole moment araheadh induction response
factor. The weighted rms-error decreases, but again theitoag of the quadrupole moment
of the internal field is greater than the magnitude of the ldéimooment, suggesting that the
additional parameters are predominantly representireyest perturbations. We will discuss
this later.

3.3 Discussion

We start by examining the SVD matrices to add insight into itiwersion process. The
ratio of the largest to the smallest eigenvalue (or, in commsaftware packages, the ratio
of the largest to the smallest singular values) gives thalitom number of the matriA.
Although the condition number includes no information abiodividual parameter errors
or correlations among the model parameters, it is relevathe invertibility of matrixA
and the accuracy of the solution. If the condition numbelas&to one, the matrix is well
conditioned which means its inverse can be computed withd gmzuracy whereas large
condition numbers imply inaccurate inverse matrices. @iy in applications to internal
fields of planets one desires condition numbe€ré0 (see, for exampleConnerney et al.
[1981]). The condition numbers for the different modelsduaee displayed in Table 3.11.
One can see that the condition numbers are relatively soradllf of the fits.

From the matrix/, estimates of the errors of the fit parameters can be obtalifedstandard
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Figure3.3: Observed and modeled field for the Europa flyby E4 in the EPbi@ddinate system.
The red curve shows the filtered measured field. The thin ldacke shows the background field.
The solid green curve shows the predicted field for the iaflgpermanent dipole plus induction by
using the UMF for the external field (see Table 3.3). The ptedifield by using the ABn wing
model to describe the external local currents is shown feritfternal sources: induction only (solid

blue) (see Table 3.9), induction plus dipole (solid bladég Table 3.8) and induction plus dipole plus
quadrupole (cyan curve) (see Table 3.10)
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Observed and modeled field for the Europa flyby E14 in the ERbidinate system.
The red curve shows the filtered measured field. The thin ldacke shows the background field.
The solid green curve shows the predicted field for the imiepermanent dipole plus induction by
using the UMF for the external field (see Table 3.3). The ptedi field by using the Aén wing
model to describe the external local currents is shown ferititernal sources: induction only (solid
blue) (see Table 3.9), induction plus dipole (solid blaclég Table 3.8) and induction plus dipole plus
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Model summed summed| Cond.| # fitted
rms rmsw | number| parameters

Dip + UMF 32 27 10.9 15

Dip + Ind + UMF 17 20 16.9 16

Dip + Quad + UMF 26 21 20.2 20

Dip + Quad + Ind + UMF 19 17 24.5 21

Dip + AWM + Ind 16 20 6.9 4+4
Dip + Quad + Ind + AWM 15 16 10.2 9+4
Ind + AWM 17 21 3.5 1+4

Table3.11: RMS errors and condition numbers

error of the jth parameter is given by

(3.10)

where M is the number of model parameters apds the standard uncertainty associated
with the measurements. In this work we usg = rms which overestimates the error of
measurement. Equation 3.10 gives the error of the fit paemoeider the assumption that
the chosen model is the correct one. Its magnitude can bleudtid principally to the high
frequency fluctuations in the magnetic field. However, mawripent to selecting a probable
model for the internal magnetic field of Europa is the rms oswmn Ab initio one cannot
assert that any specific model represents the actual piepeitthe system. However, if
several reasonable models lead to very similar rms errot bifiyield significantly different
values of the model parameters, one must conclude that theada inadequate for robust
determination of those parameters. On the other hand, ihttlesion or exclusion of some
element of the model correlates strongly with changes ofrtigeerror of fit, one may safely
conclude that that element is essential. In further namgwie acceptable models, we shall
invoke Occam'’s razor to favor the model with the fewest paatans.

If we compare the different models we have used to descrivétkernal and external com-
ponents of the magnetic field on Europa, we find that the rm@-diminishes if induction is
included. Adding 5 quadrupole parameters to the internkl freodel improves the fit very
little. All of the models yield rather small dipole coefficites. The model that we find most
acceptable includes a simple Alfvén wing model and indurcéffects, although results ob-
tained by including an additional permanent dipole momestamparable. The model then
implies that the permanent dipole moment probably is zetassurely smaller than 25 nT.
Compared with the magnitude of the induced field, which caofa@der 100 nT or more,
a fixed internal dipole moment contributes at most in a minay ¥o the magnetic field. In
both of these models, the rms-error is comparable with tbbsiee other models but the fit
requires fewer free parameters.

In Figures 3.3 - 3.6 we show fits for different models on d#farflybys. The dipole plus
induction model, supplemented with a uniform external neaigrfield (see Table 3.4), is able
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Observed and modeled field for the Europa flyby E19 in the ERbifdinate system.
The red curve shows the filtered measured field. The thin ldacke shows the background field.
The solid green curve shows the predicted field for the iagpermanent dipole plus induction by

using the UMF for the external field (see Table 3.3). The ptedifield by using the An wing

model to describe the external local currents is shown ferititernal sources: induction only (solid
blue) (see Table 3.9), induction plus dipole (solid blacdg Table 3.8) and induction plus dipole plus

guadrupole (cyan curve) (see Table 3.10)



32 LIMITS ON AN INTRINSIC DIPOLE MOMENT IN EUROPA

120 1 7

320
280
B i
y 240

200

160,
2280

-320
B -360

-400
-440 + -

18:10

17:50

17:55 18:00 18:05
UT

Figure3.6: Observed and modeled field for the Europa flyby E26 in the Elbifdinate system.
The red curve shows the filtered measured field. The thin lacke shows the background field.
The solid green curve shows the predicted field for the imtlgpermanent dipole plus induction by
using the UMF for the external field (see Table 3.3). The ptedifield by using the ABn wing
model to describe the external local currents is shown feritfternal sources: induction only (solid
blue) (see Table 3.9), induction plus dipole (solid bladdg Table 3.8) and induction plus dipole plus
quadrupole (cyan curve) (see Table 3.10)
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to fit the By andBy components for the different flybys, but it fails to providgaod fit to the
B, component, particularly for the flybys E4 and E19. By usirghysically motivated wire
current model to describe the external fields, the fits fookdiplus induction (see Table 3.8)
and induction only (see Table 3.9) are quite similar. ThetditheB, components improve,
even for the E4 and E14 flybys. For the E14 flyby we are able tbdiBf component very
well. By andBy are slightly overestimated, but still fit the data well. Fdr9&he wire current
model improves the fit foBy while not eliminating a phase shift 8, andB,. For the E26
flyby we are able to fit the components in general, but are niettatfit the peak structure
in detail. However, E26 was at very low altitude so that theadae strongly affected by
the distribution of the ionospheric currents which havenbesry crudely represented in our
Alfvén wing model. Therefore artifacts of the wire distitibn can be found in the fits, e.g.,
in the By component. For the E4 flyby we also get good fits for all comptnh§articularly
B,), but a phase shift remains in tlBg component. Fitting additional internal quadrupole
moments (see Table 3.10) reduces this phase shift, eveing@4 flyby. We are then able to
fit E4 and E14 very well and we get good fits for E19 and E26.

By fitting additional internal quadrupole moments (see &zhll0) we improve our results.
The weighted rms-error drops and the phase shift in some aonemis improves. However,
to the extent that the moments in Table 3.10 are meanindfalfact that the quadrupole
moments are larger than the dipole moments suggests thag¢timanent field is not dynamo
driven. The fact that both the fixed dipole and quadrupole ershchange markedly de-
pending on the external field model used (compare Tablesm@l&84.0) suggests that these
internal moments are compensating for inadequacies ofxtieenal field model. Because of
that, we speculate that the true dipole and quadrupole misnaes extremely small. We be-
lieve that an improved model for the plasma currents woutaitly reduce the deviation from
the data. Probably a distortion of the Alfvén wing and asyatries related to the effect of
internal multipolesiNeubauer1999] should be taken into account to reduce the phasea shift
seen in some components.

Using our most ambitious model (see Table 3.10) we get a geathanent internal dipole.
However, we get nearly as good results by using only indoatitects (see Table 3.9) or by
including a fixed dipole moment plus induction (see Tablg.3%he inductive response in
both of the latter models is 97%. Therefore, we argue there is no need for an internalgerm
nent dipole moment in Europa, although we cannot rule outalgontribution. In addition,
although we have good coverage over Europa longitude, a exteasive spatial coverage of
the magnetic field would allow for a more exact investigatbthe internal sources. These,
together with an improved external field model, would prevadmore stringent upper limit
to a permanent dipole moment.

3.4 Conclusions

We conclude that there is no need for a permanent internaledlipoment in Europa. How-
ever, we cannot rule out a small contribution of a permangrdld moment with an upper
limit of 25 nT, which is small compared to the magnitude of thduced magnetic field.



34 LIMITS ON AN INTRINSIC DIPOLE MOMENT IN EUROPA

Therefore, we do not account for a permanent internal dipdien investigating the time-
dependent interaction of Europa with the Jovian magnetrspplasma.

The results derived in this chapter strongly confirm an itidacresponse at a level of
97% of the theoretical maximum for a highly conducting sphéf we assume conductivity
comparable to or higher than terrestrial sea water our Elons would be consistent with
burial of the conducting layer at a depth-0f20 km below the surface.

A more exact modeling of the plasma interaction of Europdctbetter constrain the estimate
of the internal sources of Europa. We address this task irfioll@ving by using a three-
dimensional interaction model described in chapter 5.

Ultimately, future spacecraft missions will improve theasgal coverage and eliminate much
of the remaining uncertainty.



CHAPTER 4

THE INDUCTION EFFECT

Before we start to address the complex problem of the intieraof Europa with the Jovian
magnetosphere, we want to examine the classical inductigisigm applied to Europa by
neglecting the magnetospheric plasma and the atmosphehe ahoon. This enables us
to investigate the influence of a conducting core and a cdimdumantle on the induction
signature outside the moon. In addition, we can analyze @t wkient the determination of
the conductivity and the thickness of the ocean is possible.

We start this chapter by giving a basic overview of the propef the electrical conductivity
in natural materials. Thereafter we examine the problentezt@magnetic induction taking
place in a homogenous sphere, which is a well understoodgmoln earth physics and
a good initial point for more complex problems. After dengithe solution of the Laplace
equation for this problem we turn to the more realistic cdseduction taking place in a body
consisting of different conductible shells, e.g., corenttea ocean. Finally, we address the
problem with respect to Europa and investigate the influehtee inner structures regarding
their thickness and conductivity.

Gravity data obtained by the Galileo spacecraft suggestEbeopa owns a silicate man-
tle below its outer water ice-liquid shell and has an intematallic core Anderson et aJ.
1997; 1998]. In addition, Galileo measurements of the magnetdld At Europa indicate the
existence of electromagnetic induction taking place inrnlberior of the moon [e.gKivelson
et al. [2000]]. Earlier works have shown that the main inductiognsil could not be pro-
duced by a conducting core or mantle onufamoto et al[1998], Zimmer et al[2000]].
In fact they indicate the existence of a conducting subsarfayer, which is very likely to be
a substantial ocean.

In natural materials the electrical conductividyvaries by about 25 orders of magnitude. A
few examples are shown in table 4.1. In addition, for conguam;j values of the electrical
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conductivity [S nT1]
Quartz 10111014
Glacier ice (temperate) 10 '—10°8
Glacier ice (polar) 10°-10°
Silicates 106-10°3
Sand and gravel 1023-1072
Clays 102-1
Sea water 5
Saline waters (20%) 20
Iron 107
Copper 108
Earth mantle (upper) 102
Earth mantle (lower) 1-10
Earth outer core 3x 1P

Table4.1:  Conductivities of geological materials and inside the Baifhe values are mean values
[Telford et al. [1990], Reynolds [1997], Stacey [1992]].

conductivity inside the earth are given in table 4.1. Megais highly conductive but rarely
found in geologically large continuous masses except ingikry interiors. The conductivity
of rocks is strongly influenced by the presence of groundyatieich acts as an electrolyte.
Generally most rocks are poor conductors at low temperstiwg in porous rocks the con-
ductivity varies with the volume and arrangement of the p@med even more with the con-
ductivity and amount of contained water. These observatwa summarized in an empirical
formula, called Archies Law (e.g.l-.pwrie, 1997]).

0=—0yS (4.1)

whereao,, is the conductivity of the pore wate® is the porositySis the volume fraction
of pores with water and, m, n are constants with.8<a<25,13<m<25,n~2. In
addition, the conductivity of particular rock types varthvage, temperature and pressure.
Water conductivity varies considerably depending on thewmhand conductivity of dis-
solved minerals. Some groundwater and glacial meltwatezasth can have conductivities
as low as 102 S/m while saline groundwater can have a conductivity of 20.S/

The depth of penetration of a time-varying magnetic fieldrefitiencyw in a conductor of
electrical conductivityo is

2
O koW

(4.2)

The quantityd is called skin depth. While the skin depths for inducing fseldth Jupiter’s
rotational period in a core similar to the earth core woul@dbky ~180 m, it would be~1000
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km in the earth lithosphere. In Sea water the skin depthsavoeit-45 km. This means that
a conducting layer with a thickness larger than the skintd@pthis layer can effectively
shield an underlying layer even if this one has a large camdtyc For instance a conducting
subsurface layer at Europa which is thick enough can efiggtshield a conducting mantle
or core from induction effects.

4.1 Induction in a homogeneous sphere

We start our investigation with the simple case of a homogersphere with finite conduc-
tivity. The problem of electromagnetic induction in unifiorispherical conductors has been
treated, e.g., byVait [1951], Ward and Hohmanifj1987] or Kaufman and Eatofi2001].
Therefore the derivations will not be given in great detaileh

The fundamental equation of electromagnetic inductiortatienary conductors is the diffu-
sion equation

B 1,
E_G—HDB (4.3)

which can be obtained from Maxwell’s equations.

Here we have ignored the displacement currents which foapplications are much smaller
than the conduction currentblfbighian 1988]. For the sake of simplicity the permeability
pHwill be taken everywhere equal to the vacuum permeahiljty

Each component d8(t) can be expressed by a series of superimposed sine wavesafs/ar
frequencies. Because equation 4.3 is lineds we can examine one sine wave of a single
frequency. The total field can then be determined by supemsitipn. Generally, the potential
of the external inducing field can be expanded in spheriaahbaics. For a radial symmetric
conductivity distribution each surface spherical harm@ji of the inducing field gives rise
to only the sam&' of the induced fieldParkinson 1983]. Therefore we can deal with each
harmonic separately and superimpose the solutions.

Without loss of generality we can assume an inducing magfietd with a potential:

Ue=aBe (é) " N8, ) e ' (4.4)

wherea is the radius of the sphere andm are degree and order of the inducing field.

Generally a divergenceless field can be partitioned into@dal and a poloidal part. In our
case, by using spherical polar coordinates, this means wdicale the vector potential into
parts parallel to and perpendicularrtdy writing

A=Tr+0OSxr (4.5)

so that the magnetic field becomes
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B=OxTr+0xOxS=T+S (4.6)

whereT andSare scalar functions andandS are called toroidal field and poloidal field.

It can be seen that the toroidal field has no radial componashttlaus cannot be detected
outside the sphere nor can it be induced by external fieldsh@éfefore will not further con-
sider this component. The poloidal field within the conductm be expressed &drkinson
1983]

F(r)

B = (:Tn(nJrl)sg‘e—‘wt (4.7)
_ CdrF(r) o' i
By = C a9 e (4.8)
C dF(r) oSy i
Be rsin@ dr 9 - (4.9)

where C is a constant aig{r) is a function which has to be determined. By defining

K= —iwuo (4.10)

and using equations 4.3 and 4.4, one can showRk@t has to satisfy the equatiohdhiri
and Price 1939]

d’F 2dF > n(n+1)
W'ﬁ‘?a—{k +T:|F—O (4.11)

This is Bessel's equation for which the solutions can betemias

m, 1
Fa(r) = \/;(rk) oy (4.12)
m, 1
Fa(r) = \@ (rk) 2Ky 1 (4.13)
whereln+% andKn+% are the modified spherical Bessel functions of first and tbicker. As

F>(r) in equation 4.13 approaches infinityraapproaches zero, this solution is omitted for a
homogeneous sphere. In the insulating regions, outsidgptnere, the field satisfies

°B=0 (4.14)

Therefore, outside the sphere the field can be expresseddajaa potential of the induced
and the inducing fields/ffard and Hohmannl987]

U=Ue+U=a lBe (;)n + B (?) M} ST(6, @) et (4.15)
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Applying the usual boundary conditionsrat a, we then get for the induced field

outside the sphere:

BN — (n+1) (?)M B §le it (4.16)

Byd = —»<r)n+2 OSﬁ e i (4.17)
inside the sphere:

B = 9F§ k>)< n+1)BSye '™ (4.18)

ind __aF'(rk) aSﬂ” o

BpY =  Filak) ) o (4.19)
It is:

F/(ak)

B; N Flak (n+1) _n

B F/(ak) -
Be n+1 F(ak) +n n+1

Ad® (4.20)

with reflection factor (or amplitudéd < 1 and phase lagp < 90°. For a homogenous induc-
ing field (n = 1), the induced field is a dipole field.

For a perfect conducting sphere ¢ ) it is:

. B n
lim —

4.21
g—00 Be n+1 ( )

Therefore, for a conducting sphere with arbitrary conditgtithe induced field can be related
to the field of a perfect conducting sph&#, through:

)]

This means, that the induced field of a sphere with finite cotidty is identical to the field
of a perfect conducting sphere with reduced amplitude ataydd phase.

4.2 Induction in a sphere with variable conductivity

A more realistic problem with regard to Europa is a spheré& witee different conducting
layers (Figure 4.1) which are radial symmetric. Similarlpeons were solved blahiri and
Price[1939] for an increase of conductivity with depth and®iywastavd1966] for a sphere
made up of concentric shells, each with uniform condugtitere we assume a conductible
core, a mantle and an outer shell. The crust is assumed totb®nductible. Again we
assume the inducing magnetic field from equation 4.4. Theation equation (equation 4.3)
then must be solved within each shell and in the central regitnis time equation 4.13 is
also a valid solution of equation 4.11 in the outer two lay€erke problem is then solved
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[

c=0 oL

Figure4.1:  Sphere with three conducting layers

analogue to those in section 4.1, but the boundary conditreach shell has to be taken
into account.

Outside the sphere we then get

) b n+2 )

BN — (n+1) (F) B e ' (4.23)
) b n+2 ag;n )
ind _ [~ ) —iot

B — <r> Bi g € (4.24)

From the boundary conditions at each shell we get

Fi(bk) Fa(bki) D [ F3(bky)
B n [Ame — (D] + Fme & [ — (0D (4.25)
Be n+1 F1(bk) Fa(bki) D [Fo(bki) '
¢ [Fi(bkl) T n} + Fy(bky) C [Fi(bkl) + ”]
with
Fi(ak) F{(ak) |, F(ak) G [Filak) F{(aki)
D Fi(aky) Fi(akz) - Fi(akl) + Fi(akz) E [Fs(akz) - Fi(akl)] (4.26)
C  R(aky) Rak) _Fil@k) | Fak) 6 [Fz/(akl) _ Fﬁ(akz>] '
Fz(akl) F]_(akz) Fl(akz) E Fg(akl) Fz(akz)
and
F/(cko)  F(cks)
9 . Fl(Ckz) Fi(Ckz) B Fi(CkS) (4 27)
E  Fx(ck) Filcks) _ Fy(cky) '
Fi(cks)  Fa(ck)

Hereky, ko andks are the wave numbers in the ocean, mantle and core respgctiia-
tion 4.25 is similar to equation 4.20. Hence, we can relageinduced magnetic field in a
sphere with multiple conducting shells to that of a perfextducting sphere by defining an
amplitude and a phase lag (see previous section). Therefquation 4.22 is also valid in
this case.
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4.3 Influence of the inner structure of Europa

Galileo measurements of Europa’s gravitational field shavoRa to be a differentiated satel-
lite consisting of a metallic core, a silicate mantle and aewé&e-liquid outer shell. The
minimum water ice-liquid outer shell thickness is about &flr plausible mantle densities
[Anderson et a).1998]. The HO layer is likely comprised of three sub-layers: an outer,
brittle/elastic ice layer, an underlying ductile layer @itentially convecting ice, and a lower
layer of liquid. Estimates of the thickness of the ice layecl(ding the lower ductile layer)
range from a few km to 60 km [e.@reenberg et al[2000], Pappalardo et al[1998], Schenk
[2002],Hussmann et a[2002]].

Although the liquid water shell is thought to be the main seuior the induction process
its still possible that the induction signature is influesthdxy the underlaying structures for
lower conductivities of the ocean. Therefore, in the follogvwe like to investigate the
influence of the core size, the mantle conductivity and thektiess of a conducting outer
layer in connection to the conductivity of such a layer onitttiction signature outside the
moon. Here, the inducing time-varying magnetic field exgeced by Europa is a uniform
alternating field 1t = 1) due to the synodical period of Jupiter, which is 11h 14miie
calculate the induced magnetic field by using the equatienset above.

4.3.1 Influence of a conducting core

We start with a model consisting of an outer water ice shetli@f= 50 km thickness, rep-
resenting the upper two sub-layers of Europa’s water shiik shell is, because of the low
valuesin table 4.1, assumed to be not conductive. Beneatbuter shell, we have a conduct-
ing layer with variable conductivity, which represents bwer part of Europa’s water shell.
The thickness of this layer is at first assumed to fe=dL00 km. The radius of Europa’s core
is uncertain because of its unknown composition and beaaifuge thickness of the water
ice-liquid shell. In the following we deal with a metallic with ¢ = 5% 10° S/m which

is nearly the conductivity of the Earth core. Please notedhaainly Fe core would have a
larger conductivity. However, models show that such a careldvalso have a smaller radius
[Anderson et a).1998] and therefore, because ofiits dependence, the induced magnetic
field would be weaker outside the moon.

Figure 4.2 illustrates the influence of the core size on tldeigtion signature. Plotted are
the normalized amplitude, obtained from equations 4.22488, and the phase lag of the
induced response. For the silicate mantle we start with dwttivity of o, = 1 mS/m, which
is smaller then the conductivity found in the upper mantggae of the earth (see table 4.1).
By using this small value for the mantle conductivity we pably overestimate the influence
of Europa’s core. A higher value leads to a smaller skin depfithe inducing signal and
therefore to a shielding of the core.

A perfect conductor will have an amplitude of 1 and a zero phag. For a non perfect con-
ducting body the amplitude of the induced field is always $nahan 1 and the phase lags
behind the inducing field up to 90Please note that because of the fixed outer ice shell thick-
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Figure4.2: Influence of core size on the induction signature when usipgel’s synodical period
as excitation period for the inducing field.
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ness, in our case the limit for the Amplitude is 0.9 insteal. dResults from Figure 4.2 show
that by using Jupiter’s synodical period as excitationquefor the induction, a conducting
core independent of its size is almost not detectable aitSidopa for conductivities of the
subsurface layer larger than 60 mS/m as they are sugges#dihyer et al[2000].

4.3.2 Influence of a conducting mantle

The influence of the mantle conductivity on the induced m#grieeld outside Europa is
illustrated in Figure 4.3. Here we use a fixed core sizg ef 0.5 Rg and vary the conductivity
of the silicate mantle from 1 mS/m to 100 mS/m. Higher valdege@mantle conductivity are
found in the lower earth mantle, but seem pretty unrealistiEuropa’s mantle because they
would either require higher pressure than the pressureceeghén Europa’s mantledreeley
et al,, 2004] or high temperatures, which would probably lead toedting of the upper ice
layer as it was also suggestedfiynmer et al[2000].

Unlike the core, an influence of the mantle on the amplitudeinduced magnetic field is
visible for conductivities of the subsurface water shethia range of the lower limit given by
Zimmer et al[2000]. Of course the influence is getting stronger with $emalalues ofogc.
However, foragc larger than 100 mS/m, no influence on the induction signaisibhe. The
mantle than is effectively shielded by the upper condudiygr. A similar picture appears
from the phase lag (lower panel).

The lower limit for the amplitude of the induced field givenZiynmer et al[2000] isA=0.7.

If there would be a conducting mantle only, the maximum respoby usingo,, = 100
mS/m is slightly smaller than 0.7. However, as mentionedszapmantle conductivities in
this range are difficult to justify without a melting of the pgr ice layer. Therefore, we
support the statement @immer et al[2000], that a conducting mantle alone cannot explain
the induction signature found in the Galileo magnetic fieddlad In addition, an influence
on the induction signature, when using Jupiter’s synodieslod as the excitation period
for the induction, is only expected far,c < 100 mS/m. Our results derived in chapter 3
suggest that by considering the influence of the plasmaaictien on the magnetic field
signature measured by Galileo, a higher induction resptivaseA = 0.7 is required. Hence,
the influence of the mantle on the induction signature woeladry small.

A different picture would arise if one would use the orbitaltipd of Europa (3.5 day’s) for
the excitation of the induction. This period is not avai@bbm the Galileo data. However,
a Europa orbiting spacecraft could provide the data neeBgdising Europa’s orbital pe-
riod the field can penetrate deeper into the moon and wouleftbre allow for a stronger
influence of the mantle (and also the core) on the inductigmadi The influence of the man-
tle conductivity on the amplitude and the phase lag of thei¢ed magnetic field is shown
in Figure 4.4 when using Europa’s orbital period as exa@taperiod for the inducing field.

Figure 4.4 indicates that in this case the influence of thetimaonductivity is visible up to

values ofo,c of a few 100 mS/m.
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Figure4.3: Influence of mantle conductivity on the induction signatuten using Jupiter’'s syn-
odical period as excitation period for the inducing field.
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Figured.4. Influence of mantle conductivity on the induction signatuinen using Europa’s orbital
period as excitation period for the inducing field.
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4.3.3 Influence of the thickness of the ocean

In order to investigate the influence of the thickness of thedaicting subsurface layer on the
induction signal, we use a model with a conducting core with- 5% 10° S/m andre = 0.5
Rg, a conducting mantle witt,, = 10 mS/m and an outer water ice shell wikh = 50 km.
Figure 4.5 displays the amplitude and the phase lag of thecedimagnetic field for different
assumed ocean thicknesses when using Jupiter’'s synodriadias excitation period for the
induction.

Please note, that the amplitude and the phase lag of theaddigtd in Figure 4.5 depend on
the conductivity and the thickness of the conducting ocddrerefore, the same amplitude
or phase lag can be achieved by using a thin conductible axearll as by using a thicker
but less conducting ocean layer.

Figure 4.5 indicates that for ocean conductivities larp@ant100 mS/m a resolution of the
oceans lower boundary is almost not possible if the oceahribss is larger than 100 km. In
addition, the lower boundary of the ocean can not be resafibd ocean is thicker than 10
km and the ocean conductivity is larger than 1 S/m. As mepti@bove, Europa’s minimum
water ice-liquid outer shell is about 80 to 170 km thick. Téfere, we are probably not able
to resolve the lower boundary of a possible ocean from théedalata for a thick conducting
subsurface layer. Note that the point of intersection offaghs at,c = 10 mS/m is a result

of the mantle conductivity of,, = 10 mS/m. Hence, it corresponds to the case of a two shell
model. For smaller values @f,; the underlaying mantle has a higher conductivity than the
subsurface ocean.

As in the previous section, the use of Europa’s orbital mkas excitation period for the
inducing field would yield a different result (see Figure)4.® this case a resolution of the
lower boundary of the water shell is still almost not possitar large ocean conductivities
Oqc If the ocean is larger than 50 km. However, one could iderhig/lower boundary if the

ocean conductivity is in the range of a few 100 mS/m.
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Figure4.5: Influence of the oceans thickness on the induction signathen using Jupiter’s syn-
odical period as excitation period for the inducing field.
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CHAPTER 5

INTERACTION M ODEL

In this chapter our model that describes the time-dependaraction of Europa with the
Jovian magnetosphere is presented. We start with a gene@duction in which we briefly

give an overall picture of the interaction and introduce iol@a of the simulation concept.
Subsequently we describe the model we use for the plasmadtiten. Then we explain our
model of the neutral atmosphere. Afterwards we describeviwnplemented the induction
process into our model and how we account for the time-degresedof Europa’s interaction
with the Jovian magnetosphere. In this context we also ptése modified MHD-equations
we solve with our model. Finally, we give an overview of thagial conditions we use.

5.1 Statement of the problem

The basic idea of this dissertation is the study of the timgeddent plasma interaction of
Europa’s atmosphere and its proposed internal ocean witlldkian magnetosphere. To
accomplish this task we use a three-dimensional MHD modikaive the MHD flow prob-
lem and the internal induction problem simultaneously. ®ain motivation is to compare
the simulation results with the Galileo magnetic field measents in order to get stronger
constraints on the conductivity and the depth of Europd&rival ocean compared to earlier
attempts.

Figure 5.1 illustrates the idea of the primary inductiongass. The starting point is the
tilted dipole moment of Jupiter which has an inclination di*against the rotation axis of
Jupiter. One can split up the dipole moment in one part whaehigned with the rotation axis
and constant in time and one part which is rotating in the &gis plane. As the rotation
period of Jupiter is about 9h 55min while the orbit period of&pa is about 3.55 days, this
leads to a time varying inducing field at the location of E@aypth a synodical period of
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Figure 5.1: lllustration of the magnetic field at a satellite due to théating tilted Jovian dipole
moment (after Neubauer [1999]).

11.1h. If one assumes a conducting subsurface layer at &utio@ time varying inducing
field drives currents in the conducting layer which geneadiene varying induced magnetic
dipole field. The strength of the induced dipole moment ddpean the inclination angle
alpha and therefore on the orientation of the rotating @ipobment which is determined by
the angleQt. The angleft = 0° andQt = 180" are associated with a minimum inclination
angle and a maximum induction effect.

The orbit of Europa is located at the outer edge of the lo péatarus close to the transition
to the middle magnetosphere of Jupiter where the plasmdatmmo with Jupiter's magne-
tosphere gradually breaks dowkHurana et al, 2004]. A thin current sheet exists at the
position of Europa. Azimuthal currents are large in thisreat sheet and create magnetic
field perturbations. Thus, the background magnetic fieldusbga consists not only of the
internal originated field of Jupiter as we will see in sectof.

Simultaneously, magnetospheric plasma and magnetic figieisact with Europa’s tenuous
atmosphere and ionosphere and also with the time varyingetiagfield from the interior
of the moon. The induced magnetic fields therefore influehegtasma interaction as it is
discussed ilNeubauef[1999].

The plasma interaction generates currents, e.g., Alévand ionospheric currents, in the
vicinity of Europa. In section 5.6 we demonstrate that theynegospheric plasma at the
location of Europa is also varying in time. Therefore, E@@xperiences different magne-
tospheric conditions during one synodical rotation andctimeents generated by the plasma
interaction in the vicinity of Europa are also time depertddrhis leads to a secondary in-
duction effect, where the magnetic fields induced by thenptasurrents contain also higher
order momentsNleubauey1999]. One objective of this work is to determine the sttbrajf
those secondary induced magnetic fields.

One crucial point is that Europa’s atmosphere and ionogptemnot shield the plasma en-
tirely from the surface. Therefore, parts of the streamilagmpa hit the surface and will be
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absorbed. This is linked to the sputtering of molecules erstirface as source for the neutral
atmosphere (see, e.@aur et al[1998]). Additionally, magnetic field lines can penetrdte t
interior of Europa. A proper description of the interior eetefore needed, to describe the
external plasma interaction accurate.

5.2 MHD model

In this section we focus on the interaction of Europa’s aphese with the ambient magne-
tospheric plasma. The internal induction problem will bbjeat to later sections.

We are mainly concerned about the bulk properties of then@asither than on single particle
motion. Therefore, we choose a fluid approach to model treanteraction. We start with

a brief overview of the derivation of the fluid equations ardiscussion of the applicability

of a fluid approach to the case of Europa.

A precise description of a plasma is given by particle disttion functions in phase space.
This leads to a kinetic equation which describes the evaiutif the coarse-grained phase
space density in time and space. One way to simplify the kiregfuation is to account only

for correlations between particles themselves via coltisj which leads to the Boltzmann
equation (see, e.gBaumjohann and Treumarh996])

f of
%+Vs‘ Dxfs+as‘ DVfS: Fts

= (5.1)

wherefsis the distribution function of the particleg; the velocity andhs the acceleration of
the particles. The term on the right-hand side is the timeothange ofs due to all kinds
of collisions. The Boltzmann equation has an infinite nundfesolutions. When collisions
dominate, the species distribution function is driven taha drifting Maxwellian Bchunk
and Nagy 2000].

Macroscopic physical parameters, like density or tempeeato not depend on velocities of
single particles, but only on space and time. Thus, they braimed by integrating over the
entire velocity space and they are called moments wheretthmbment is given by

Mi(x,t) = / f(v,x,t)vid3v (5.2)

wherev' denotes an i-fold dyadic product.

The fluid equations are derived by finding the evolution eiguatfor the basic macroscopic
moments (see, e.gCravens et al[1997]). The obtained set of equations is not closed,
because at any order a new moment of next higher order apg@etusication of the equation
hierarchy can be achieved, e.g., by assuming an equatidatef slepending on the form of
the pressure tensor, e.g., by assuming adiabatic conslition

One important prerequisite forming a fluid description fog plasma rather than particle dis-
tribution functions is quasi-neutrality. This is justifiathen the length scale is much larger
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than the Debye length. Furthermore, for the validity of thedflapproach it is required that
variations occur on length scalesdarger than the gyro radiug (L > rg) and on time scales

T larger than the gyro period/ivg (T > 1/wyg), which means fluid scales must be much larger
than gyrokinetic scales. At Europa the gyro radii of therarad pickup ions are around 20
km or less Kivelson et al. 2004], which is small compared to the satellite radiusngshe
cyclotron frequencies given bigivelson et al[2004] one gets time scales on the order of
1/wg < 0.5 s. This time scale has to be compared with the time it takethéoplasma to
propagate a typical length scale. With a background velaxitLl04 km/s one gets a time
of T ~ 15 s, which is larger than the gyrokinetic scale. Thus, thie tpproach to Europa’s
interaction is justified. In that case the ideal MHD equati(see, e.gCravens et al[1997])
can be derived from the multi-fluid equations. The kernel wf model (the Zeus 3D code
[Stone and Normari9923;b]) solves the ideal MHD equations:

Continuity equation:

dp
E+D-pu_0 (5.3)
Momentum equation:
p(%—ttj—l—U«Du) :—Dp—i—i(DxB)xB (5.4)
Induction equation:
%—?:Dx(uxB) (5.5)
Energy equation:
g—f—i—D-eu:—pD-u (5.6)

whereB is the magnetic field and p is the thermal pressure. Theraty ptasma consisting
of one ion species (subscript i) and one electron speciéscsipt e) the bulk variables for
mass densitp, velocityu and internal energg are given by

P =pPi+Pe (5.7)
y — Pilli T Pelle (5.8)
Pi + Pe
3 3
ezépzé(pwrpe) (5.9)

Europa has a thin neutral gas atmosphere, which interathstine streaming plasma. This
interaction introduces additional terms to the ideal MHDa@pns, e.g., production and loss
rates, momentum and energy transfer as well as the diffugittre magnetic field. A detailed
derivation of the single fluid equations can be found elsea/ff®chunk and Nagy2000;
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Cravens et al.1997]. In the following we give a detailed overview of theypltal processes
implemented in our model and the assumptions we make. Intafag, we concentrate on
the plasma-atmosphere interaction and skip the interaatith the solid body.

5.2.1 Continuity equation

In our model the plasma consists of one ion and one electexiess Magnetospheric plasma
is convected into the atmosphere of Europa where the dassipdified by ionization and
recombination processes. Thus, equation 5.3 has to bedexdry loss and production
processes. As described in section 6.36, magnetosphecicais at the location of Europa
are divided basically in two populations, a thermal Maxveelland a suprathermal non-
Maxwellian population. For the suprathermal populationuse a density ofigth = 2 cm 3

at Testh = 250 eV [Sittler and Strobel1987]. For the thermal population we uggn = 20
eV [Sittler and Strobel1987], while their density varies with the position of Epaoin the
plasma sheet (see section 5.6). For the upstream magnetizsplasma we use an ion mass
m; = 185 amu Kivelson et al. 2004]. Furthermore, quasi-neutrality is assumed and as
mentioned above the velocity of the neutral gas is neglected

Multiple charged ions were observed at the orbit of Eurdpeafy et al, 1998; Paterson

et al, 1999]. In our model an ionospheric single charged ion pamn withmp, = 32 amu

is produced and the correct mass density is then added tdabm@. Some processes, e.g.,
recombination, require explicitly the mass of the ions. §dprocesses affect mainly regions
where the ionospheric plasma dominates. Therefore, wdismighout the modeah;, = 32
amu. Furthermore, as the multiple charged ions dominatel¢nsity only in the regions
where the terms containing the number densitgre negligible, we use = 1 throughout
the model. For the calculation of the production rate, thgmetospheric electron number
density is required. Following ivelson et al.[2004], we use for the determination of the
magnetospheric electron density an ion charge of the wgatrg plasma ot = 1.5.

The evolution of the bulk density is then given by

%—f+D-pu:(P—L)m (5.10)
whereP is the production rate and is the loss rate.Saur et al.[1998] find that electron
impact ionization is the dominant process to generate EXsapnosphere. They calculate
an electron impact ionization rate aBix 10-¢ s~1. Photoionization is over an order of mag-
nitude smaller with a diurnally averaged value of 20 8s~1 at solar maximumNIcGrath

et al, 2004]. Therefore, we only include electron impact ionmagas a source process of the
production of ionospheric plasma.

The production rate is then given by

P= 3 fei(Tei)ne;m (5.11)
j=th,sth
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Figure5.2:  Electron impact ionization rates of{as a function of electron temperature.

wheren,, is the neutral gas density. The ionization rate is given by

foy (Tes) = [ dE (E)}(E)ve(E) 512)

with a velocity at a given energy ofE) = /2E /me, fg denotes the normalized distribution
function in energy space

y

fe(E) = 2YE (m)fe (5.13)

The ionization cross sectiowg are taken from the NIST databad&r et al, 1997]. From
5.12 we calculate the ionization rates@j as a function of electron temperature shown in
Figure 5.2.

lonospheric electrons which are produced by electron itngu@cmuch cooler than the mag-
netospheric electrons and therefore are not involved imadnization process. While the
number of the ionospheric electrons is determined by egu&til0, we need a separate conti-
nuity equation for the magnetospheric electrons. Eleatrgpact ionization does not change
the number of the magnetospheric electrons and the los®eé lectrons is negligible due
to their low density and high temperature. We assume the etagpheric electrons to move
with the bulk velocity (see section 5.2.4). Thus, we soheftillowing continuity equation
for the magnetospheric electrons

on
(;_ms + 0 Nemst = 0 (5.14)
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For the loss process in equation 5.10 we include dissoeiatiwombination with a recombi-
nation rate Torr, 1985]

op = 2x 10713 <?e) m°/s (5.15)

The loss rate is then given by (see, e.§chHunk and Nagy000])

L = apn? (5.16)

5.2.2 Momentum equation

For the derivation of the plasma momentum equation we apy@yfdllowing assumptions.
First, we assume quasi-neutrality since the spatial seatesre interested in are larger than
the Debye lengths, and a negligible neutral gas velocitgyo®& we neglect gravity. Third we
neglect displacement currents since the magnetosonicityeis much lower than the speed
of light. In addition, we assume the pressure to be isotropic

These assumptions yield the following total plasma monrargguation:

0 :
p[a—l:—i-u-Du} :JxB—Dp—Pmu—<%ven+vin> pu (5.17)

which is an extension of equation 5.4. Hexg, is the electron-neutral collision frequency
andvij,, is the ion-neutral collision frequency.

If one derives the single-fluid equations from the multidl@quations, a second frictional
term appears which is proportional to the current derjsityhis term usually becomes im-
portant in regions where the bulk velocity is very small camgal to the relative velocity of

ions and electrons, i.e., where the current is large. This tan be shown to be negligible at
Europa for our purposes.

The collision frequency of the ions with the neutrals is ipeledent of temperatur®énks

and Kockarts 1973]
Vin = 2.6 x 101y, /% st (5.18)

whereqy is the polarizability of the neutral gas in units of #§ cm~23, andy is the reduced
mass in amu. We usiy = 1.59, the value foO, given byBanks and Kockartgl973].

The collision frequencies of the electrons depend on thetrele temperature. In our model
we assume the mean temperature of ions and electrons to &k Egrthermore, we choose a
constant electron temperature in the electron neutrakamil frequency. Hence, the electron
collision frequency depends only on the neutral gas defisim2) throughven = 10~ °nj
s~1, which we calculated by using the momentum-transfer cresas given bytikawa
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et al.[1989]. In section 5.2.4 we show, that we choose a calibmatotor for the magneto-
spheric electron temperature in order to compensate threstimation in the production rate.
However, the electron collision frequency depends notrasigton the electron temperature
as the electron impact ionization rate. For instance, irt¢hgperature range between 10eV
and 100eV the ionization rate varies, over two orders of ntada (see Figure 5.2), while
the variation of the electron collision frequency is lesatla factor of two in the same range
[ltikawa et al, 1989]. Therefore, we do not use a calibration factor in fleeteon collision
frequency.

5.2.3 Induction equation

Inclusion of the collision terms and the production and lmexesses modifies the ideal MHD
induction equation 5.5 as follows:

%—?:Dx ((uxB)—% <ven+%vin)j—%u) (5.19)
Note that we neglect the influence of the Hall term, which widntroduce new wave modes
into the system, e.g., whistler waves and Hall drift wavele Time scale of such waves is
some orders of magnitude lower than the time scale of somiddrénic waves in our case
[Huba 2003] and therefore would lead to a massive increase oflation time. In regions
where the diffusion term is negligible, the Hall term caugesmagnetic field to be no longer
frozen into the bulk plasma but, into the electron fluid. Byleeting the Hall term one
assumes that the magnetospheric electrons as well as trapiogric electrons move with the
bulk velocity. Saur et al.[1998] have shown that, contrary to lo, the Hall effect atdpa
gives only a small contribution.

If one derives the induction equation from the momentum gqguogaof electrons and ions, an
additional frictional term £ vj, u) appears besides the diffusion term. This term can be of
the same order of magnitude as the diffusion term at EuropaeMer, the dominant term in
our model is the advection term, whereas the frictional termegligible, as one can easily
estimate. Since the diffusion term is the important termofar description of the interior of
Europa (see section 5.4), we use this term to get a constsotiption of the interior and
the exterior of the moon.

5.2.4 Energy equation

The interaction of the plasma with the neutral gas (inetaas well as elastic processes)
changes the internal energy of the plasma. Therefore, dutreh temperature, which we as-
sume to be equal to the ion temperature, is reduced. At the 8ara the plasma torus around
Europa exhibits a very extensive energy reservoir, whichpravide energy via electron heat
conduction along the magnetic field lines. This processtiemely effective at Europ&aur

et al,, 1998]. Although this energy reservoir is strictly speakimited, it is legitimated to

assume an unlimited energy reservoir for our purposes. derewe assume infinite heat
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conductivity along the field lines. The result is that if atpzra flux tube is cooled down due
to its interaction with the neutral gas, energy from the warmorus is transfered instanta-
neously via heat conduction to the cold part of the flux tube.tkérefore use the following
approach for the internal energy:

a—e+D~eu:O (5.20)
ot

For the magnetospheric electrons this represents an iswh@pproach. This is not the
case when mass loading occurs. In an isothermal plasmahéneal pressure is propor-
tional to the plasma density. Changes in plasma densityf@ugass loading, are reflected
only secondary in equation 5.20. However, the influence @finkernal energy on the other
MHD-equations is given only by the gradient of the thermalgsure in equation 5.17. Con-
sequences of neglecting the direct contribution of masdimggain equation 5.20 will be dis-
cussed in chapter 6.

Saur et al[1998] show that the electron temperature is reduced stisirgjose to the surface

and on the flanks where the electron density reaches its nbaxjrbecause of the longer
transport time for a plasma fluid element through the densegfahe atmosphere. By

maintaining a constant temperature for the magnetospbiratrons one overestimates the
production rate in these regions. Hence, the plasma deissdyerestimated. In order to

compensate this deficiency, we implement a calibrationofafdr the temperature of the

magnetospheric electrons. This factor has the followirediapdependence:

I=>

To=TmS <1 ~ (1 o cos‘-zp) e ) (5.21)
whereh is the height, and the anglgvaries in the xy-plane from°O(upstream) to 180
(downstream). The factdp and the scale heightl are the calibration parameters to be
determined. We determine these parameters by comparingadel with measurements of
flybys during which Europa was located in the middle of theenir sheet (e.g., E12), i.e.,
where induction effects are negligible.

5.3 Neutral atmosphere

The dominant molecular species in Europa’s atmosphereyigesx In addition there are a
few other constituents like water molecules and trace aetsrsich as sodium and potassium
(see section 2.1.2). In this work we regard molecular oxyagethe only neutral species and
we neglect the dynamics of the neutral gas, ug<< u.

We use a hydrostatic atmosphere with a scale height of 145khaaurface densityy o =

1.7 x 10’ cm~2. This is consistent with a®, column density 0N = 5 x 10¥m~2 esti-
mated inSaur et al[1998]. Thereby we neglect the density enhancement in taesweface
region f < 100 km) presented i8hematovich et aJ2005]. This is reasonable, because we
do not attempt to study Europa’s atmosphere in detail. Hgiroeesses which act on scales



58 INTERACTION MODEL

less then 100 km are in the order of the grid size of our coddtardfore not well resolvable.
Pospieszalska and Johnsfd®89] demonstrate that sputtering is not uniform over tiréese

of Europa, but is decreasing from the trailing to the leadiegisphere. We follovBaur et al.
[1998] in assuming that the surface densigy0) varies in direct proportion to the normalized
flux variation calculated bfPospieszalska and Johnsfr®89]. The surface density then has
the following spatial dependence:

No(8) = N0 | 1.08H (’—2T — 6)cosh + O.885(cosg +1.675 (5.22)

whereH (5 — 6) is the Heaviside step function and the ar@learies from 0 (pole of trailing
hemisphere) to 18Q(pole of leading hemisphere).

5.4 Implementation of Induction

In the previous section we derived the single-fluid equatioe use for our simulation. In
order to account for possible induction in the interior ¢ thoon, we expand our equations.

In this section we show the implementation of induction itite equations as well as the
treatment of Europa’s solid body.

The magnetic field at Europa consists of different companéfitst, the time varying back-
ground magnetic field of Jupiter and the magnetospherientisheeBy. Second, the mag-
netic field caused by the interaction of the magnetosphéainpa with Europa’s atmosphere

Bp = Bpj +Bpe (5.23)

whereBpg is the magnetic field of all currents flowing in the exteriorEidropa, andBp;

is the the magnetic field of all currents flowing in the interad the moon, except for the
induced currents due By andBpe. Finally, we have the induced magnetic field due to the
time varying background field and the plasma currents.

B = B (Bo) +B"™(jp) (5.24)

We assume the background magnetic fiBidto be a time varying homogeneous magnetic
field at Europa. The periodicity of the background field isegivby the synodic rotational
period of Jupiter. Doing so, we do not account for other eticih periods, e.g., Europa’s
orbital period or asymmetries of Jupiter's magnetosphfeid.

The total magnetic fiel®;o; at Europa is then given by

Btot = Bo+Bp+B"(Bg) +B™(jp) (5.25)

In contrast to other bodies, e.g., Titan, the thin atmospleéEuropa cannot shield com-
pletely the surface of Europa from the streaming plasma fRlasma which hits the surface
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of Europa will be lost, while the magnetic field can diffus&ithe moon. This problem can
be solved in two ways: First, inner boundary conditions ddu set at the surface. This
solution is impractical, because it would request a corestription of the diffusion into the

moon at the boundaries. As the description of a solid bodypisntluded in the single-fluid

equations a priori, it is easier to describe the interior ofdpa as a “exotic” plasma to ap-
proach the real situation. Thereby, the total magnetic fiaklto fulfill the induction equation

in the interior as well as in the exterior of the moon. Gengr#his equation can be written
as (see equation 5.19)

0Btot
ot

=[0x (U X Btot) —0Ox (I']D X Btot) (526)

whereu is the bulk velocity in the respective medium amds the magnetic diffusivity. As
mentioned above we neglect displacement currents.

In principle, the problem could be solved by solving the &rituid equations in the exterior
and the diffusion equation in the interior of the moon. Hoam\because of the Courant-
Friedrich-Lewy (CFL) criteria, which states that infornaat should not propagate more than
one grid box in one timestep, the time steps needed for thaigden of the plasma inter-
action are very small compared to the time scale on whichrithedation process takes place.
Thus, the simulation time needed for a stable periodic smwould be unrealistic long.

In order to reduce simulation time, we have to make use of gr®gicity and the quasi-
stationarity of the problem. Quasi-stationarity means tha plasma flow at a special time
depends only on the background conditions and the phasedagduced magnetic field at
this special time. This approximation is fulfilled if the ., which the flow needs to re-
spond to a new constant background condition and a new gunatarnal field, is small
compared to Jupiter’s synodic period. The tilgeean be approximated by the time a plasma
parcel needs to cross Europa’s interaction region, whicisuslly given byl = S%. Us-
ing 3Re as the radius of interaction, a background veloegy= 104 km/s and a velocity
dropping to ¥5vp we assess:

2Re  2Re  2Re
T — ~ 270 5.27
¢ = 05vs | 02vo  05v s (5.27)

This time is small compared to the synodic period of Jupitgs ~ 11 h. Thus, the problem
can be considered as quasi-stationary.

In the following we deal with the interior and the exteriordiropa separately. This can be
done, because we assume Europa’s icy crust to be elegtnailconducting.

5.4.1 Description of the exterior

As mentioned in chapter 4 we assume the outer ice crust ofpaumbe electrically non-
conducting, which causes the current systems outside aitiEuropato be isolated against
each other. ThuBg andB™"Y(By) are potential fields outside the moon. Equation 5.26 can
then be written
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3(Bp +;i”d(jp>) — Ox (UxBot) = Ox (N0 x (Bp+B™(jp)))
0(Bo-+BM4(Bo))
B g (5.28)

whereBy(t) andB™(By) are known analytically (see section 5.6). The time varyiagks
ground magnetic field and the thereby induced magnetic freldletermined by:

Bo = —84nT sin(Qt)X — 210nT cos(Qt)y (5.29)
B"d(Bg) = A f1(x)84nT sifQt — @)X — A fp(x) 200NnT cogQt — ¢)§ (5.30)

where A is the reduction factor arglthe phase lag defined in section 4.1. From ﬂ%t

ind . .
and W can be computed. Both expressions are assumed to be codstarg one
simulation run.

Note that we solve the induction equation for the plasma retgtield and the thereby
induced magnetic field. In order to highlight various cdmitions, we present a more com-
prehensive form of induction equation 5.28 for the exterior

9(Br +§[md<jp)> = Ox [u x (Bp+ Bi”d(jp))}
—0Ox {% (Ven-I- %Vin + %) Ox (Bp+B™(jp))
+0x [ux (Bo+B™(Bo))] - 9(Bo + ?t'“d(BOD (5.31)

The term on the left hand side and the first term on the rightlhsde are those which
are originally implemented in the Zeus3D-Code. The secenoh ton the right hand side
represents the interaction with the neutral atmospherealgellisions and loss processes.
The last two terms on the right hand side contain the coupliitly the internal induction
process as well as the slow change of the background fieldh@ndduced magnetic field.

Induction effects also have to be accounted for in the moumergquation (equation 5.17).
In the extended representation this equation then reads:

p (‘3—‘: +u- Du) = (D X (Bp+Bi"d(jp))) x (Bp+B™(jp)) — Op
- (%Ven+vin + ;) pu + [D x (Bp+B"™(jp))| x (Bo+B™(Bo))
+ [D % (Bo+ B‘“d(B()))} x (Bo+Bp+B™(Bg) + B™(jp))  (5.32)
Again, the terms in the first line are those originally sohNmdZeus3D-Code when using

equation 5.31 as induction equation. The last two termsidecthe coupling with the internal
induction process.
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5.4.2 Description of the interior

In our plasma interaction model, we assume Europa to be adg@nmeous conducting sphere
(ni = const). The magnetic field inside Europa has to satisfy equatiafi.5As we will see
in section 5.5, we use an iterative process to calculatel&sena induced magnetic fields. In
the first iteration we consider induction by the homogendmmakground magnetic field only.
For the induced magnetic field inside Europa, we use as angtgbint

In that case equation 5.26 simplifies to
0(Bp +BN(j .

As noted earlier, plasma cannot penetrate into the solig,limd is absorbed by the surface
and interacts with it respectively. Thus, the interior of&pa is free of plasma. Since we use
single fluid equations to model the plasma interaction, gsedption of a solid body is not
included automatically. For numerical reasons the area®blid body cannot be free of
plasma. In order to account for the diffusion of the magnfeid into the moon properly (by
fulfilling equation 5.33) we modify the characteristics bétplasma such that, the magnetic
Reynold number is small, i.e., we manually decrease themalaselocity. Simultaneously,
loss processes are implemented in order to reduce the pldesnsity in the interior of the
moon. If the plasma density drops below a minimum value, aycton rate is turned on.
Thus, the plasma density inside Europa is at a minimum vahdelitionally, the magnetic
diffusivity has to be adjusted to the desired value to be isterst with the analytical solution
for the induction. Equation 5.19 illustrates that the maigngiffusivity in the interiorn; is
proportional ton, /p. Hence, we contral; by adjusting the neutral gas density in every time
step at every grid point in the interior depending on thellptasma density.

For the plasma momentum equation, equation 5.32 is alsd wathe interior. In addition
with the statements above we solve equation 5.10 and equafi0 inside Europa.

5.5 Procedure and model summary

We use an iterative process to calculate the plasma induegghetic fields. As a starting
point we include the induction by a homogeneous backgroweid &inly. Thereby we use
the time varying components of the background magnetic $iletvn in Figure 5.4. Details
are given in the next section. We then have the analyticatisol of equation 4.3, derived in
chapter 4.2, as an initial condition for the internal magnigt|d.

Then we solve a stationary problem for 8 different tiheghich are equally distributed over
the synodic period of Jupitef)t = 0°,45°,90°,...). This is done by solving the continuity
equation (equation 5.10), the momentum equation (equé&ti®p), the induction equation
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(equation 5.31 and equation 5.34) and the equation for tieenial energy (equation 5.20)
with our code. Note that the background plasma conditionsa@nsiderably at the different
timest; as shown in Figure 5.5.

The kernel of our model consists of Zeus3E¢ne and Normari992;b], a three-dimensional
time dependent code which solves the ideal MHD equationg eéitra terms added to the
equations 5.3 — 5.6 account for the effects of the neutrabspimere and the coupling with
the periodically induced magnetic fields from the interitiney are included as source terms
for the MHD-equations. For the treatment of the diffusiomrten the induction equation we
include the semi-implicit Crank-Nicholson schenkdss et al. 1986]. In order to account
for the electron impact ionization we solve a separate naityi equation for the magneto-
spheric electrons. The solid body of Europa is treated aas with properties described
above.

In the second step the induced magnetic f®f(jp) due to the time varying currents in
the exterior is determined. Therefore, we first acquire itme tvariable part of the external
plasma magnetic fieIB’p on the surface of the conducting sphere at a given time:

B, = (Bp+B™(jp)) — <Bp+B™(jp) > (5.35)

where the over one synodic period averaged constant patcislated by

: 2mn :
<Bp+BM(jp) > = %{ /O Bp(t) +BM(jp)dt (5.36)

Subsequently, we determine the harmonic coefficients ahthéced magnetic fields for each
timet. A Fourier expansion of these harmonic coefficients deteesithe plasma induced
magnetic fieldsB‘I{,‘d(jp) for any timet. The analytical description of the plasma induced
fields together with the induced fieRIi"d(B) from the first iteration yields the new initial
internal magnetic field. We then repeat the above procecutieve reach convergence for
the determined harmonic coefficients.

5.6 Initial conditions

The background magnetic field varies mainly in g and to a minor degree in thgy-
component at the position of Europa. It contains contringiboth from the internal mag-
netic field of Jupiter and the magnetic field due to the magpéteric current sheet.

Figure 5.3 shows the variation of ti#- and By-components of Jupiter's magnetospheric
field at Europa’s location. The dotted ellipse shows an ideaian dipole field with an
inclination of 96° unaffected by the plasma sheet, the solid ellipse is a fitealdta points
using equation 5.29 and the shaded modeKivkelson et al.[2000]. The shaded model
shows a slight asymmetric behavior which would probably leahigher harmonics of the
inducing background field. However, as there are too few pattats we do not consider the
asymmetries in this work.
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We use a constait, = —410nT for the iteration
process in our model. Figure 5.4 shows the used
values ofBy andBy, with Qt the angle between
the rotating dipole moment of Jupiter and the
line of sight Jupiter-EuropaNeubauey 1999].
Apparently, the inducing field is strongest when
the rotating dipole moment of Jupiter points to-
wards Qt = 0°) or away from EuropaQt =
180°). Figure 5.5 shows that Europa is outside
the plasma sheet at this times. Contrarily the
weakest induction effects are expected when Eu-
ropais in the center of the plasma sheet (ddr=
Figure 53 Variation of the §- and B- 90" andQt = 270°). During one synodical ro-
components of Jupiter's magnetospheric fiel@tion the magnetic background field changes its
at Europa over one synodic period [Kivelso®rientation at the location of Europa by roughly
et al., 2000]. 200,

240

E26

E19}

240
240

The variation of the background plasma density (in Figut Stems from the tilt of the
plasmasheet against Europa’s orbital plane by abéuyDeéssler 1983]. In addition, the
rotational velocity of the plasma is larger than the orbibegy of Europa. Thus, Europa
passes through different plasma regimes during one symaiditton of Jupiter. The electron
number density in the vicinity of Europa is derived from thali@o PWS data for different
flybys [Kurth et al, 2001] while Galileo PLS data from the first two Europa flybygegan

idea of the plasma density at Eurofaferson et al.1999]. By assuming the plasma to be
symmetric around the centrifugal equator and to vary pe#@ly we derive a simple model

for the electron number density shown in Figure 5.5. Themgbyuse a minimum electron
number density ofie = 18 cm 2 when Europa is outside the plasma sheet and a maximum
value ofne = 250 cnm3 when Europa is in the center of the plasma sheet. In between we
assume the density to fall of wittxp— (z/H)?, whereH is the scale height of the plasma
andzis the distance of Europa from the center of the plasma shibenfias et a.2004]. We
then calculate the plasma mass density by using an ion cb&dgs.

Due to the time varying magnetospheric conditions at Eurthyggplasma beta and the Alfvén
Mach number are changing. However, we always deal with afgiu@nic plasma with a
mean value for the Alfvén Mach number ity = 0.5. Therefore, no fast bow-shock forms.
The strong magnetic field of Jupiter dominates the plasnmexantion at Europa. This is
expressed by the undisturbed plasma beta, i.e., the ratleedbtal plasma pressure to the
magnetic pressure, which varies in our model fra®il(o Q2.

If not indicated otherwise we use the EPhiO coordinate systefined in chapter 3. The
center of Europa is in the origin of the coordinate systemtaedlasma streams along the
X-axis.

At t = 0 the plasma velocity is constant (104 km/s) everywherepoe a sphere around
Europa with a radius of Re. In the shell from 5Re to 3 Re the velocity decreases linearly
to zero, the value inside the sphere with radiu’z3 Magnetic field, thermal pressure and
plasma mass density are constant everywhere at the begwitinthe respective values.
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Figure 5.4:  Background magnetic field. Values are obtained by fitting lipse to the magnetic
field data given by Kivelson et al. [2000].
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We use a Cartesian grid divided into four regions with déferspatial resolution: a very
high resolution region from -1.Bg to 1.5Re in all three directions in space with a grid size
of 80 km, a high resolution region up to a distance d®3in all three directions in space
with a grid size of 157 km, followed by a medium resolutionioggwith a grid size of 795
km and finally a low resolution region with a grid size of 1564 .kThe total grid volume is
[[-10,10],[-10,10],[-60,60]Re.
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CHAPTER 6

RESULTS

This chapter presents the results of our numerical modethwik described in the previous
chapter. The primary goal is to find closer constraints orctmeluctivity and the thickness of
the internal ocean than earlier studies. We accomplistatinidy comparing the results from
our advanced model to the magnetic field data. To simplifytensit we use in this chapter
the term “ocean” instead of conducting subsurface laydrpabh its not clear yet whether a
substantial ocean exists below the icy surface of Europa.

We start with the results of the global plasma interactiofcofopa with the Jovian mag-
netosphere (section 6.1). The focus here is on the E4 modelitams, i.e., when Europa
is located outside the plasma sheet, and we neglect thetiodweffect, which influence is

discussed later. Subsequently, we investigate the infuehthe plasma interaction on the
induction process (section 6.2). For this second orderdtioin effect, caused by periodic
variations of the magnetospheric plasma, we derive the dtraiccoefficients of the induced
magnetic fields. Then we discuss the influence of the indaaio the plasma interaction
(section 6.3). Subsequently, we verify our model desaipbdf Europa’s interior (section

6.4). Afterwards, we compare our model results with the I6alilyby data and determine
the so far strongest constraints on the conductivity of pai®ocean (section 6.5). In addi-
tion, we can explain the lack of higher ionospheric densgyatures in the wake during the
E4 flyby. Finally, we discuss our results (section 6.6).

Estimates of the thickness of the solid ice crust (elastiaetite) vary from a few km to
60 km (see section 4.3), a range which we can not resolve wittmmdel. In addition, the
limited data set does not allow us to resolve ice crust theskes in this range. Therefore,
we choose a thickness of the solid ice crust of 50 km when lzlog the internal induced
magnetic fields analytically.

The coordinate system we use is determined as follows: Tagiszis along the background
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magnetic field. The x-axis is perpendicular to the backgdomagnetic field, and such that
the incident plasma velocity vector of the bulk plasma isamred in the xz-plane. The y-axis
completes the triady(= Z x X). Note that for the case@t = 0° andQt = 180 the x-axis is
along the corotational flow direction. In these cases ourdinate system is equivalent to the
EPhIB coordinate system. This coordinate system is mosdtggaito show the symmetries
related to the magnetic field, e.g., the Alfvén wing systelRor the comparison with the
Galileo flyby data we use the EPhiO coordinate system.

6.1 Global plasma interaction

This chapter presents the global plasma interaction of iawath the Jovian magnetosphere,
at times when Europa is located outside the plasma sheee Wemeglect the induction
effects. We start with the results for the global plasma flod the magnetic field geometry.
Subsequently, we show the results for the plasma densitgtiandss the structure of Europa’s
plasma wake. Afterwards, we show the electric current systieEuropa.

6.1.1 Global plasma flow and magnetic field geometry

The magnetic field of Jupiter exceeds the field arising froenetkternal currents at the orbit
of Europa Kivelson et al. 1999]. In addition, the plasma beta in the undisturbedoreds
smaller than 1. As mentioned above the strong influence ohtgmnetic field is also reflected
in the small Alfvénic Mach number which is the ratio of thdkflow velocity to the Alfvén
velocity. This subalfvénic interaction is well known far's interaction with the plasma torus
[Saur et al, 2004]. The interaction problem at Europa can be considaseal scaled-down
version of the interaction problem at lo when the induct®neglected.

The interaction of Europa with the Jovian magnetosphedsiph is affected by properties of
the three independent MHD wave modes that propagate ineliffelirections and at different
speeds. These modes are the slow, the intermediate, anastidiiD mode. In the linear
case, the intermediate mode, also referred to as the Alfwéahe, carries currents along the
magnetic field. Alfvén waves in general transport energymomentum along the magnetic
field, but not across the magnetic field.

The Alfvén waves travel along the magnetic field with thev&lfi velocity. The group velocity
is exactly parallel to the magnetic field. Taking into acdoilne bulk velocity of the plasma
flow ug, these waves propagate along the Alfvén characterigfics ug + %. This is also

true for the non-linear cas&lgubauey1980].

The slow mode also propagates along the magnetic field, utwielocity close to the sound
speed (in the far field of Europa). The group velocity of thet faode is largest perpendicular
to the magnetic field. The fast mode can carry energy in atlatiions.

Figure 6.1 shows the bulk velocity of the plasma flow in theplame, and Figure 6.2 shows
the projection onto the xy-plane for E4 flyby conditions. Hif/én characteristics are plot-
ted for comparison. The model results clearly identify thiv@n wings as regions with very
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Figure6.1: Plasma bulk velocity in km/s in the xz-plane. The &ifcharacteristics are shown as
black dashed lines. The color scale determines the velowiynitude.
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Figure6.2:  Plasma bulk velocity in km/s in the equatorial plane. Theceskale determines the
velocity magnitude.
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Figure6.3: Magnetic field vectors and magnitude in nT in the xz-plane Alfven characteristics
are shown as white dashed lines. The color scale determirasagnetic field magnitude.

small velocities compared to the incident flow velocity. &lohat for E4 flyby conditions
the magnetic field and the direction of the plasma flow are egbgndicular. Therefore, a
small negative z-component of the bulk velocity remainse Buthis small component the
symmetry in Figure 6.1 is broken.

Figure 6.3 shows that the magnetic field inside the Alfvéngsiis nearly parallel to the
Alfvén characteristics. The magnetic field magnitude mm@dt constant inside the wings.
While Alfvén waves cannot change the magnetic field magleitin the linear case, this is
possible in the non-linear case.

Upstream of Europa the plasma is slowed down (see Figurd@.2dmpressional perturba-
tions propagating with the fast mode. This wave mode is gagadrby the collision of the
plasma with the neutrals, and by the pickup processes. Rdsdavith the slow down of the
plasmais a compression and a bending of the magnetic fiedd~(gare 6.3). Downstream of
Europa the plasma flow from the two flanks is combined and iscedarated. The magnetic
field strength decreases because of the slow diffusion amnidagnetic field through Europa.
Figure 6.2 suggests that the radial extent of Europa’s wakied equatorial plane is smaller
than the moons diameter. This is in agreement with the resaur et al.[1998] but in
contrast to the analysis #aranicas et al[2000].

The flow is diverted around the moon. However, parts of the flemch the satellite surface
and are absorbed. Figure 6.4 shows that the divergence fibth@lso occurs around the
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Figure 6.4:  Plasma bulk velocity in km/s in the xy-plane at z = 2.75 R'he thin black circle
illustrates the radius and position of Europa.

Alfvén wings and that the flow speed is most reduced insigerdgion. On the flanks of
Europa (and also of the Alfvén wing) there are regions oféased velocity with flow speeds
up to 150 km/s.

6.1.2 Plasma density

When magnetospheric plasma is convected into Europa’ssgtneoe, magnetospheric elec-
trons ionize atmospheri®,-molecules by impact and create electrons and ions. Hehnee, t
plasma density is increased (see equation 5.10) while #serga bulk velocity is reduced (see
equation 5.17), i.e., the plasma is decelerated, congemomentum.

Figure 6.5 shows the ion number density in the equatorialepfar the E4 flyby conditions.
The maximum of the density is found on the flanks and upstrddaumpa close to the sur-
face with values of several thousand chFurther downstream the plasma density decreases
and the ionosphere becomes detached from the surface. Adwpiveric plasma is swept into
the wake region. Here the mass-loaded flux tubes that pasp&uoonverge and the pick-up
plasma is concentrated along the x-axis.

We solve a separate continuity equation (see equation fmdthe magnetospheric electrons.
Figure 6.6 shows the electron number density of the magplesos electrons. Electrons
which reach Europa’s surface will be lost. Most of the popatais swept around Europa
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and forms a wake along the x-axis. The downstream regionfathher wake region are
free of magnetospheric electrons. Figure 6.6 shows a gegisitancement on the flanks of
the wake. This is a result of the flow divergence. Figures Bb@&5 again suggest that the
diameter of Europa’s wake is smaller than the diameter obgaur

Figure 6.7 shows that the enhanced plasma density in the @gdands along the z-axis.
At x = 2.75 Re most of the plasma is concentrated around the equatoriaépl@his is a
consequence of the plasma flow and the pick-up process. Wbt of the plasma is picked
up at the flanks (see Figure 6.8), the plasma pickup north amith ©f Europa is very small
because of the very low plasma flow over the poles. At x = 55t density in the tall
is decreased. Numerical results Backes[2004] show a similar wake structure for Titan,
although the fine structure is different there because &r@ift magnetospheric conditions.

The convergence of the flow and the increased density in this @ssociated with an en-
hancement of the thermal pressure. The expansion of thetylemhancement along the
magnetic field lines is then achieved by slow mode waves, iwteind to reduce the plasma
pressure.

Figure 6.9 shows the plasma flux density in the wake at x = 2%l x = 5.5 R. The
regions with very low plasma flux are associated with the atigres of the Alfvén wing. At
x = 2.75 R the increased plasma flux extends to around=5tRe beginning of the Alfvén
wing signature. This suggests a transport of these pettarisawith (or close to) the Alfvén
velocity up to this distance. This is a consequence of the faat up to this distance, the
sonic Mach number is in the order of (or even smaller thanliienic Mach number and
the slow mode propagates with a velocity close to the Alivélocity.

At x = 5.5 Re the enhanced plasma flux has traveled only a small distamiteefualong the
z-axis. The signature of increased plasma flux can not faltl@mwAlfvén wing signature. At x

= 5.5 R:= the Alfvénic Mach number is- 0.4 and therefore much smaller than the sonic Mach
number ¢ 1.8) at this distance. Hence, slow mode waves travel with thedwelocity.

The convergence of the flow on the downstream side leads totzeneement of the total
plasma pressure. Figure 6.10 shows thermal, dynamic, rtiagaed the pressure due to the
magnetic stress (or tension) along the y- and the z-axis at $ . We use the following
expressions to calculate the pressures shown in Figure 6.10

Thermal pressure

2
= _ 6.1
Ph= e (6.1)
Magnetic pressure
BZ
= 6.2
Pmag 210 (6.2)
Magnetic tension
1
Ptension= —/ dx (B : D)Bi (6.3)
Ho J/x;
Dynamic pressure
Payn= P U (6.4)

The index indicates the y- and z-component respectively.
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The enhanced sum of magnetic tension, thermal and magmetsuyre is overcompensated
by the dynamic pressure, resulting in a net acceleratioheoptasma towardg= 0 along the
y-axis. Along the z-axis the plasma is accelerated away fren® (see also Figure 6.1) due
to the enhanced thermal pressure and the magnetic tension adis to reduce the curvature
of the magnetic field. Hence, the plasma is redistributedgtbe xz-plane.

Figure 6.11 shows the pressure components at x = 5.5TRe pressure enhancement along
the y-axis has decayed. Along the z-axis the enhanced pegskie to the dynamic pressure,
is only visible at larger distances.

In our model, we use a simplified energy equation (see equatk0) where we neglect the
direct contribution of mass loading (see chapter 5.2.4) ddtted red line in Figures 6.10
and 6.11 represents the thermal presqjrecalculated by assuming an isothermal plasma,
i.e., pj, ~ p. We calculate this by using, = nkT, with T = Top = 100 eV. Figures 6.10 and
6.11 (lower panels) show that along the z-axis, the diffeedyetweerm,, andp, is marginal.
Along the y-axis ak = 1.5 (see upper panel in Figure 6.1}, is larger tharp,. However,
the overall structure of the thermal pressure remains theesandpy,, is still smaller than
Prension Therefore, the statements we make above are still validvelivould use a pure
isothermal energy equation, the slightly larger thermabpure would probably increase the
expansion of plasma along the z-axis. However, the waketsteiwould be the same as that
shown above.

6.1.3 Electric current system

When neglecting displacement currents, changes of the etiagield curvature are con-
nected to electric currents via Ampere’s layw= %D x B). Therefore, they have to be
divergence-free. In Figure 6.12 we display the projectibthe electric current density in
the yz-plane, while Figure 6.13 shows the electric currémtthe equatorial plane. This
yields a good picture of the current system at Europa.

The current flows down in the northern Alfvén wing and up ie #outhern on the Jupiter
facing side ¥ > 0) . The current then enters Europa’s ionosphere where tre@s mainly
in the direction away from Jupiter. The current escapes fEanopa’s ionosphere on the
anti-Jupiter side into the Alfvén wings where it flows awayr Europa. The current system
is closed in Jupiter’s ionosphere.

In Europa’s ionosphere currents flow from the Jupiter fasiolg to the opposite side on the
upstream and the downstream sides of Europa. Besides thie obment, diamagnetic and
inertial currents are visible in Figure 6.13. These cugeme calculated by:

BxUp

Jdia = —g2 (6.5)
. B x pullu
Jinert = —|§2 (6.6)

For a better view, diamagnetic and inertial currents arplay®d separately in Figure 6.14.



6.1 GLOBAL PLASMA INTERACTION 79

N L L L L L L L Y L L
I J .

2 T T
L dy il
: ot tr L :
L '1;1 Ly ]
[ R S i
[ T ,L¢¢‘ i
[ ot L¢ , i
[T v
1r RN i ]
L I R T s ]
L LR s ]
L [ s ]
[ I L ]
i L e ]
i LAy TR ]
L \T\é ¢¢.A E
L Y A ]
N - S R N
L N T.. i
L N . i
L L0 1A i
L ‘¢¢x’\ AR i
L ‘¢¢L. ERR N i
L e BRI ]
[ i IR ]
[ [ vty i
S G ot g
_17 L ot —
r [ LI Y 4
F s v g
o R LI B
r ‘$t‘ t R
r s LI 7
r . e Tt 7
-27\\\\\‘\‘wu\l\‘\\\\\\\\'\\\\\\\\\\'\'\ﬂﬁ’\'\\\\\\7

-2 -1 0 1
y,x= 0.00

N

1 1.0e-06 A/m?

Figure6.12: Electric current in the yz-plane at x = 0 for E4 flyby conditsowithout induction.
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Figure 6.15:  Electric current in the yz-plane at x = 0 fd@t = 0° (upper left),90° (upper right),
180 (lower left), and270 (lower right). The EPhiO coordinate system is used in thésesp

The diamagnetic current is due to plasma pressure gradi@ntthe Jupiter-facing side, this
current is mainly in the downstream direction while on thieestside of the wake it flows
mainly in the upstream direction. Inertial currents arebleson the flanks of Europa. They
correspond to regions with main particle flux.

Away from Europa currents flow along the Alfvén charactéss In addition, perpendicular
currents encircle the Alfvén wing and deflect the plasma f#fwaund the wings. We will
discuss the structure of the Alfvén wing current system arerdetail in section 6.3.2.

The magnetospheric conditions at Europa are changingglarsynodical period of Jupiter
(see Figure 5.4 and 5.5). Therefore, the electric currestesy at Europa also varies. Figure
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6.15 shows the current system in the yz-plane at Europa ifeRBt@O coordinate system
during Jupiter’s synodical period. A variation in oriemndat and strength is clearly visible.
Due to the opposit magnetospheric conditions, the c@tes0° andQt = 180° are perfect
symmetric (see section 5.6). That applies also to the c@ses90° andQt = 270°. The
currents are strongest when Europa is located in the cusherdt Qt = 90° and 270). A
time varying current system leads to time varying magnegici$, which drive currents in
the conducting interior of Europa. We will investigate teecondary induction effect in the
following section.

6.2 Harmonic coefficients of the plasma induced magnetic
fields

In this chapter we calculate the induced magnetic field dubdqeriodic variations of the
magnetospheric plasma. We find that the influence of the @astaraction on the induction
process is weak compared to the induction by the backgrowphetic field for the assumed
atmospheric and magnetospheric conditions at Europa.

We calculate the plasma induced magnetic field in an itexgtiocess as described in section
5.5. As a starting point we include the induction by the hoerapus Jovian background
field only. For this purpose, we calculate the initial in@rmagnetic fields analytically
(see section 4.2). Next, we model the interaction of Europla tve Jovian magnetospheric
plasma for different times, i.e., for different magnetospheric conditions. Therefave are
able to determine the induced magnetic field due to the timiahla plasma currents on the
surface of Europa’s internal ocean for each tineHence, we can determine the harmonic
coefficients of the induced magnetic fields for each timeThis is done by expanding the
inducing magnetic field by spherical harmonics. The acguodaeproducing the inducing
field in terms of a spherical harmonic expansion depends @emtimber of grid points on
the surface of Europa’s ocean. Studies on the numericat@aogare carried out iBchilling
[2000]. Following these results, we consider coefficieqpsaidegree and order 35 for the
spherical harmonic expansion.

After deriving the harmonic coefficients (also called Gaassfficients) for each timg,

we do a Fourier expansion of these coefficients. This enaldde calculate the harmonic
coefficients at any tim¢. Hence, we are able to calculate the plasma induced magnetic
field at any point and at any tinte Figure 6.16 shows the harmonic dipole and quadrupole
coefficients of the plasma induced magnetic fields duringtdup synodical period for an
assumed ocean thickness of 100 km, an ocean conductivityséinSand a thickness of the
ice crust of 50 km. We choose this set of parameters in ordgetthe maximum induction
effect (see section 4.3.3).

The Gauss coefficients for a given expansion can be groupeer tihree headings; zonal,
sectoral, and tesseral harmonics. In the EPhiO coordiyaters, zonal harmonics are those
of order zero. Note that none of thecoefficients can be of order zero. The zonal harmonics
represent fields whose moments are aligned with the z-akistefore, thcg;(l’ term describes
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the moment of an axial Europa-centric dipole aligned with thaxis, and th@d term, an
axial, Europa-centric, quadrupole. Sectoral harmonieglasse for which degree and order
are equal. They represent fields which have their momentsearequatorial plane. In the
EPhiO coordinate system tiyg term describes a Europa-centric dipole aligned with the y-
axis while the dipole associated with theterm is aligned with the-x-axis.

The maximum dipole coefficient is found &t = 270 with a value ofg% ~ 12 nT. This
coefficient remains nearly constant with a small valuez68 nT between ©and 180. The
g(l’ coefficient varies with a period af but the amplitude is not exactly symmetric. Tlhrle
term also shows a asymmetric behavior. The quadrupole ciegifiwith the largest values is
theg? term. It isTeperiodic with a maximum value o 14 nT. Theg9 can also reach values
up to 10 nT and is nearlyr2periodic.

None of the harmonic coefficients show a pure symmetric hehavhis feature can be ex-
plained by the time varying magnetospheric background itiong in our model. Although
we use a plasma density model (Figure 5.5) which is symmatoiend the centrifugal equa-
tor and a background magnetic field (Figure 5.4) which vas@ametric in time, theBy
component of our background magnetic field breaks the symymet

The contribution of the single multipoles to the plasma twilimagnetic field can be dis-
played by the spatial power spectrum of the internal magfietd R, [Blakely, 1995], where
R, is defined as the scalar prodiit- B, averaged over the spherical surf&e):

1 2nm ,m )

Ra(r) = W/o /0 Bn-Bnr? sin8dode (6.7)

with

R: n+1 n
Bh=-0 <Rc (T) > (g cosme+ hiy' sinmp) P{P(G)) (6.8)
m=0

and

B=3 By (6.9)

wherer = R; represents the surface of the ocean. Using the orthogppatiperty of spher-
ical harmonics, equation 6.7 can be reduced@ackus et al.1996]:

2n+4 n
Ri0= () D) 3 (@R + 7 6.10)

m=0

The set of values oR, for n=1,2,3, ... at a fixed radiug is sometimes called thauer-
sberger-Lowespectrum. Thereby the averaged squared field over any siglteeesum over
the spectrum:

(o]

<BP>gn= Y <IBnl®>gn= 3 Ru(r) (6.11)
n=1

n=1
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Figure 6.17:  Spectral coefficients of the Mauersberger-Lowes spectaurthé dipole (n = 1), the
guadrupole (n = 2), and the octupole part (n = 3) of the plasmdiiced magnetic field.

Figure 6.17 shows the spectral coefficients for dipole, quaale and octupole terms at the
surface of the ocean. It is obvious that the main spectrabpasin the quadrupole field. The
plasma induced fields are strongest when Europa is locatbe icenter of the plasma sheet.
Smallest values are found when Europa is between the tweregtconditions (inside and
outside the plasma sheet), i.e Git= 45°, 135, 225, and 318. The power in the octupol
terms is small compared to dipole and quadrupole contohsti Higher order multipoles
(n> 3) are even less important. The spectral coefficients fob#ukground field induced
dipole term varies between14,000 n? and~88,000 nF (nhot shown).

Once we have calculated the plasma induced magnetic fielg)chude them as initial in-
ternal magnetic fields into our model in addition to the baokgd field induced dipole.
Coefficients of higher order are only important very closéhi® surface since according to
equation 6.1@R,(r) ~ r—(24)  Therefore, we only consider dipole and quadrupole coeffi-
cients when including the plasma induced fields in our moltethe next iteration step, we
then repeat the procedure described above and calculgiagmaa induced magnetic fields
again. All coefficients derived after the second iteratidfedfrom those derived after the
first iteration by less than 10%. Therefore, we stop the ¢aficns after the second iteration.

Comparing the dipole and quadrupole coefficients of thenpdasmduced magnetic fields to
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the dipole coefficients of the background magnetic field,clvtare in the order of 100 nT,
it is obvious that the plasma interaction has only a weak ohpa the induction process.
However, the coefficients derived may have an influence otother part of the ionosphere
of Europa. Therefore, they may be important when modelirgygart of Europa in detail.

The results presented in this section were derived by asguam almost saturated induction
process. Note, that a smaller ocean or an ocean which isdagsictive leads to even smaller
harmonic coefficients. In addition, stronger time variabl@ospheric currents, as they may
occur on Callisto, would lead to a stronger induction effect

6.3 Influence of the induction on the plasma interaction

In the previous section we have shown that the influence opthema interaction on the
induction process is weak compared to the induction by tldraund magnetic field. In

this section we investigate the reverse process, i.e.,nih@nce of the induction on the
plasma interaction. We show that the induction influencesstiucture of Europa’s plasma
wake and also the Alfvénic current system at Europa.

As an example, we consider induction taking place in an oeg#ml100 km thickness and 50
km below Europa’s surface. The conductivity of the ocearsgiened to be 5 S/m. For this
set of parameters the induced magnetic field is almost satlfsee Figure 4.5). In order to
compare our results with the non-induction case, we conatenon the E4 flyby conditions
again, i.e., when Europa was in the northern magnetosphentsphere as well as on the
E26 flyby conditions, i.e., when Europa was in the southergmatospheric hemisphere.

Figure 6.18 shows the overall induced magnetic field for #héyby conditions. Note, thatin
the coordinate system we use the induced dipole moment isauatssarily in the equatorial
plane. The induced dipole moment has a substantial z-coempdor the E4 flyby conditions.
As Europa is located north of the magnetic equator, the iaddgole moment points mainly
towards the Jupiter facing direction at the position of Eparo

The induced magnetic field for the E26 flyby conditions is shamFigure 6.19. Since this
flyby occurred in the opposite magnetic hemisphere of Jufaee Figure 3.2), the orientation
of the induced dipole moment is reversed compared to the B4 ftgnditions. Hence, the
induced dipole moment points mainly in the anti-Joviandioa.

6.3.1 Wake structure

In section 6.1.2 we have discussed the plasma densityldistn in Europa’s wake, neglect-
ing induction in the interior of Europa (see Figure 6.7).liing induction yields a different
picture. Figure 6.20 shows that the wake becomes asymmbhtiitle for the case without
induction maximum number densities were found in the cémtake region at x =2.75 R
induction effects yield a maximum densityzat +1 Re. We will demonstrate in section 6.5
that this might explain the absence of a high ionospherisitiepeak in the E4 flyby plasma
data in the wake.
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Figure6.20:  Electron number density in criin the tail for the E4 flyby conditions with induction.
Shown is the yz-plane at x =2.7%Rnd x=5.5 R.

Differences between the non-induction and the inducti@e @e also visible further down-
stream. As in Figure 6.7 (induction neglected) the dengitya@cement at x = 5.5gRis
concentrated along the z-axis in Figure 6.20 (inductiofuthed), but it is deformed. While
it is bend towards-y for z > 0 the opposite is true far< 0.

The asymmetric wake is a result of the asymmetric plasmaupiak the ionosphere of Eu-
ropa. Figure 6.21 shows the plasma flux in the yz-plane wheuciion is included. Com-
pared to the case without induction (see Figure 6.8) a disph@nt of the plasma flux is
visible. It is shown that plasma is transported along th&ig-an the northern anti-Jovian
flank while it is transported in the opposite direction on fuaithern Jupiter-facing flank.
This feature is caused by the induced magnetic field shownguré& 6.18. Note that in the
coordinate system used, the induced dipole is not in theteqabplane.

The E4 flyby occurred when Europa was well above the curresdtshin order to show the
influence of induction we study also the opposite casewleen Europa is located well below
the current sheet. This was the case for the E26 flyby (seed-8j2). Figure 6.22 displays
the density structure in the wake for the conditions durhig tlyby. Again, the asymmetric
wake structure is visible. However, now the plasma flux dgres well as the plasma flux
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Figure6.21: Plasma flux m in 101° m—2s1in the yz-plane.

in the yz-plane (Figure 6.23) is displaced in the opposite. Wais is in agreement with the
induced magnetic field for the E26 pass (see Figure 6.19glspposite to the field during
the E4 flyby. The density enhancement at x = 2. &iRFigure 6.22 is now concentrated
towards—y for z> 0 and in the opposite way far< 0. The maximum density is found at
z~ +1 Rg again.

6.3.2 Currents in the Alfvén wing

The electric current system in the vicinity of Europa is dssed in section 6.1.3. Away from
Europa, currents that correspond to the Alfvén wings cadiieed into currents that flow

along the Alfvén characteristics (Alfvén currents) andrents that flow in a plane perpen-
dicular to the characteristics (perpendicular currerdgubauer 1980]. Both current system
are divergence-free separately.

Figure 6.24 displays the Alfvén currents of the northerfvé&h wing through a plane per-
pendicular to the Alfvén characteristicszat= 3.05 Re and for the E4 flyby conditions. No
induction is included. Note that we use a different coortlirgystem here?’ is parallel to
the Alfvén characteristiv,, §' =¥, and thex'-axis completes the triak/(= §' x 2’). The
Alfvén currents are concentrated on the flanks of the Alfwéng. The current flows towards
Europa on the Jupiter facing flanK ¢ 0), while the current flows away from Europa on the
anti-Jovian sidey{ < 0).

In Figure 6.25 the Alfvén wing current systemzt= 9.05 R: is plotted. It is shown that
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E4 flyby conditions and without induction.
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Figure 6.26:  Perpendicular currents around the northern Afvwing at z= 3.05 Re for the E4
flyby conditions and without induction. The length of theowss is scaled in logarithmical way.

further away from Europa the general shape of the curreesyand the absolute values
of the Alfvén current is nearly unchanged. A differencengycseen downstream of Europa.
There, the diamagnetic currents vanish. This is in agreemih the results obtained in
section 6.1.2. We determine a total Alfvén current throtigh northern Alfvén wing of
~ 7 x 10 A for the E4 flyby conditions in our model. This value is in agmeent with the
results ofSaur et al [1998].

Figure 6.26 shows the perpendicular currents projectealtbetsame plane as in Figure 6.24.
Most of the current encircles the Alfvén wing. In additieayrent loops on the Jovian and on
the anti-Jovian side are visible. Diamagnetic currentshmaseen downstream of the Alfvén
wing. Note that, if we don’t account for induction effectegtAlfvén wing current system
for the E26 flyby conditions differs only marginally from tkarrent system for the E4 flyby
conditions.

Including induction into our simulations yields a diffetguicture. Figure 6.27 displays the
Alfvénic current in the same plane as in Figure 6.24 withuictébn included. The current
density on the anti-Jovian side is enhanced for the E4 flylgitimns (upper panel), while
it is reduced on the Jupiter facing side. Note that, the totatent remains constant, i.e.,
the absolute value of the total current on the anti-Jovida squals the total current on the
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Jupiter facing side. The current system, and thereforethtsélfvén wing, is displaced and
deformed as it was theoretically proposed\subauef1999]. This is also true further away
from Europa. In Figure 6.28 the displacement away from &uagtowards—y’) for the E4
conditions and towards Jupiter (towargd¥ for the E26 conditions is obvious. Note that the
opposite is true for the southern Alfvén wing. In additidime cross section of the Alfvén
wing has shrunk.

In summary, including induction influences the plasma ax@on. Although the induced
magnetic dipole fields fall of witl—3, their influence and effects are still visible at larger
distance. For the conditions treated above, they lead tarkahg and a displacement of the
Alfvén wing. Finally, we point out that in order to see the$iects in our simulation results, a
correct implementation of the induction into our equatioms necessary (see section 5.4.1).
Usually, the induced magnetic fields outside Europa arenpiatdields. Therefore, they are
rotation-free and cannot influence the current system @eitSuropa. Thus, simply adding
an induced magnetic field on top of a MHD-simulation would yield the results derived
above.

6.4 Verification of the model description of Europa’s inte-
rior

Before we compare our results with the Galileo flyby data, eefy our description of the

satellite interior. As explained in section 5.4.2, we déxmcithe interior of Europa by an
‘exotic’ plasma. We control the magnetic diffusivity by adjing the neutral gas density in
the interior. In addition, a small magnetic Reynolds numbehe interior is required for the

proper description of the diffusion of magnetic field intor&pa.

Figure 6.29 shows the magnetic diffusivity in our model gldhe x-axis for the E04 flyby
conditions. We are able to maintain a constant magnetiagivfity in the interior of Europa.
Note that the diffusivity jumps over several orders of magphe at the surface of Europa. The
magnetic diffusivity is inversely proportional to the camdivity. Therefore, the jump at the
boundary is even larger when modeling lower ocean condtiesv The drop of) close to
the surface on the upstream side, indicates the locatidredbnhosphere.

In Figure 6.30 the magnitude of the plasma bulk velocity gltre x-axis is displayed. The
bulk velocity is reduced upstream of Europa, but there igagrsation of the flow. We do not
explicitly set the velocity to zero inside Europa. Therefanside Europa we have a small
bulk velocity with a minimum value close to the center of thean which is six orders of
magnitude smaller than the background velocity.

Figure 6.31 shows the magnetic Reynolds number along the&sx-&his value is given by
the ratio of the convection term to the diffusion term:

_|Ox(uxB)|

R =~ 75 (6.12)
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Figure 6.29:  Magnetic diffusivity along the x-axis of the model. The mestonductivity of the
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Figure6.31: Magnetic Reynolds number along the x-axis of the model.

Outside Europa, the convection term dominates. In reaitly diffusion of magnetic field
can occur inside the moon. In our model, we are able to redueanagnetic Reynolds
number to small values in the interior of Europa. For 0.5 Rg, the magnetic Reynolds
number becomes less then 1, i.e., the magnetic field is waespmainly by diffusion. We
are not able to reduce the magnetic Reynolds number imnedgiahen plasma enters the
interior of Europa. This could be a problem if we would solke tnduction equation for the
total magnetic field with our model, since the convectionda€uropa could wash away the
internal magnetic field. However, as described in chapteeSelve the induction equation
for the plasma magnetic field. In addition, we use an iteggiiocess to determine the plasma
induced fields. Therefore, the small contribution of thewemtion term in the interior of
Europa is of no importance.

A higher spatial resolution close to the surface of Europaldiallow for a better descrip-
tion of the interior. The jump in the magnetic diffusivitywd than be distributed over more
numerical grid points. However, since the code we use dodaciade adaptive mesh refine-
ment, a higher resolution in the near surface area incredseshe computing time rapidly.
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6.5 Comparison with Galileo data

In this section we compare our model results with Galileoyflghata (mainly magnetic field
data). We are able to determine the so far closest congramthe conductivity and the
thickness of Europa’s ocean. We concentrate on flybys tltatroced when inductive response
is strongest, i.e., when Europa was well outside the cuslee¢t. This was the case for the
E4, the E14, and the E26 flyby (see chapter 3). An overview efEtropa encounters is
given in table 3.1. In addition, we show that our model restdt the E4 pass are in good
agreement with the PLS datBdterson et al.1999], thereby we see no need for rotation of
the upstreaming plasma flow during this flyby.

We discuss each of the flybys separately. For the E4 (6.5&)Ef4 (6.5.2), and the E26
pass (6.5.3), we assume two different ocean thickness@&skrhand 25 km. These ocean
thicknesses represent the two extreme cases of a thick &mu@nducting subsurface layer
(see chapter 2.1.1). The thickness of the crust is assumasl %0 km. Note that we are not
able to resolve the thickness of the ice crust. We comparenmaiel results to the Galileo
magnetic field data by using different values for the oceardootivity. In addition, we show
the plasma density and the velocity along the flyby trajgctor each pass separately. For
the E4 pass, this values are compared to the Galileo plastaa da

In section 6.5.4, we apply our model to the E12 flyby cond#ioDuring this pass, Europa
was located close to the center of the plasma sheet. We dignaiglobal plasma interaction
for this flyby conditions, and display the differences to pth@sma interaction when Europa
is located outside the current sheet (see section 6.1.2)ETIR flyby is used to determine the
calibration factors for the temperature of the magnetospleéectrons (see section 5.2.4).

6.5.1 Europa flyby E4

The first close Europa encounter of Galileo was the E4 flyby eneinber 19, 1996. This

pass occurred in Jupiter's northern magnetic hemispheeeKgure 3.2), i.e., the magnetic
background field at Europa pointed away from Jupiter. Thios,grimary induced dipole

moment pointed toward Jupiter. Figure 3.1 shows that the flyds a equatorial pass, oblique
through Europa’s wake. Closest approach was at 06:52:5@nsail time (UT) at an altitude

of 695 km.

Figure 6.32 displays the magnetic field along the trajecitothe EPhiO coordinate system.
The red curve shows the magnetic field measured by the GaliacecraftKivelson et al.
1997]. Our model results for a pure plasma interaction witlirmduction in the interior of the
moon are indicated by the dashed black curve. In additienptiedicted field by including
induction into our model is shown. We choose different dalssvalues for the conductivity
of Europa’s ocean and analyze which conductivity fits thesuead data best. The smallest
ocean conductivity assumed (100 mS/m) is close to the lowet bf 60 mS/m given by
Zimmer et al[2000]. The largest conductivity assumed (5 S/m) is the aohdity of Sea
water found on earth (see Table 4.1). For larger values obthethe induction process is
saturated, i.e., larger conductivities yield the samelteg¢see section 4.3.3).
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The dashed black curve shows the predicted field when notindus included in our model. The
predicted field by including induction is shown for the oceanductivitiesg,.: 100 mS/m (blue), 250

mS/m (brown), 500 mS/m (green), and 5 S/m (black). The adghitkness of the crust is 50 km and

the assumed thickness of the ocean is 100 km.
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The dashed black curve in Figure 6.32 indicates, that a stoatribution from the plasma
interaction can be found in thg andB, component of the measured data. Modeling the data
without induction effects cannot explain these componekdéghe E4 flyby was an equatorial
pass, the main contribution in tig andBy component results from the induced magnetic
field in the interior. With the used model of Europa’s interiwe are able to reproduce the
Bx andBy component for an ocean conductivity of 500 mS/m or largeteNoat in this case,
the induced field is almost saturated fy; > 500 mS/m (see Figure 4.5). Thus, we are not
able to set an upper limit fayg.

Kabin et al.[1999] suggest a 20deviation of the plasma flow from the nominal corotation
direction for the E4 flyby. In contrast, Figure 6.32 suggésas this rotation of the flow is not
necessary. Our model reproduces the local maximum and mmim the wake region in the
By component (between UT 07:00 and 07:05) independent froradban conductivity used.
This suggests, that this feature is caused by the plasnradtitan.

Both theB, component and the magnetic field magnitude can almost coetple explained
by the plasma interaction. Panel 3 and 4 of Figure 6.32 shaioilwr model reproduces the
overall structure as well as the two local maxima. The neggierturbation oB, and|B|
occurs in the downstream region where the plasma is actederdhus, the magnetic field
strengths is decreased (see section 6.1.1).

Variation of the ocean thickness

The induced magnetic field depends both on the conductinitythe thickness of the ocean
as mentioned in section 4.3.3. Thus, the determinatian@is not unambiguous. To resolve
this ambiguity, we vary the ocean thickness. As an exampjerEi6.33 shows our simulation
results for an assumed ocean thickness of 25 km. As mentiabedk, this represents the
extreme case of a thin ocean model. Again, the thicknesseadrikst is 50 km.

In order to explain the measured magnetic field data, largeam conductivities are neces-
sary when using a thinner ocean. Figure 6.33 indicatesithtais case ocean conductivities
of 1 S/m or less are insufficient to reproduce ByeandBy component of the magnetic field
when an ocean thickness of 25 km is assumed. A conductivity.of, 5 S/m is needed. We
remind the reader that the induced magnetic field is satlifateconductivities larger than
5 S/m. Hence we can only set a lower limit on the ocean condtyctiln reverse, we can
conclude that if the ocean conductivity is less than 1 S/epttean has to be thicker than 25
km.

Plasma flow

Figure 6.34 shows our model results for the plasma bulk vigl@aong the E4 trajectory.
The main plasma flow is along the x-axis. A small posityeomponent before-06:47 UT
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and a negative y-component thereafter account for the siloreof the plasma flow around
Europa. This is associated with an acceleration of the fl@ika in the enhanced velocity
magnitude. Thereafter the convergence of the flow associain smaller values of the
velocity magnitude and a smallgy component is visible.

Figure 6.36 shows the observations from the Galileo PLSraxjgat. The components of the
bulk velocities along the E4 flyby trajectory are shown inltheer four panels. We find that

our model results shown in Figure 6.34 and discussed abpvesent the characteristics of
the velocity components along the trajectory quite wellwdwer, the calculated flow speeds
obtained with our model are lower in the wake and higher adatlosest approach than the
measured flow speeds.

Plasma density

Figure 6.35 shows the ion number density along the E4 flyjgdtary. The steep density
peak in the wake with a value e§70 cn1 2 is in agreement with the results of the plasma
observations shown in Figure 6.38gterson et al.1999]. The E4 flyby was oblique through
Europa’s wake. Therefore, the small spatial extension efdnsity peak in the wake is in
agreement with the wake structure shown in Figure 6.20. \Withmodel we are able, to
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explain for the first time, the lack of higher ionospheric signsignatures in the wake during
the E4 flyby. Our model results are contrary to the numerigsiliits of Kabin et al, 1999;
Liu et al,, 2000], who show a broad plasma wake, and therefore canptdiexhe Galileo
PLS measurementPéterson et al.1999].

There is a second density maximum~&@7:02 UT with values up te-40 cni 2 in the PLS
data (see Figure 6.36). Our simulations does not resolgerthkimum. However, the density
maximum appears around closest approach and at the edge mftticted geometric wake
of Europa. As closest approach was-at0.9,1.09,0.33) Re (in the coordinate system we
use), our simulations suggest that at this point the plasnséli diverted around the moon
and the plasma flow has not closed yet (see Figure 6.37). fOnerave suggest that the
first density peak in the data is still in the ionosphere. Thseace of this density peak in
our simulations may be either due to the fact that the ionexspls more extended (or has
a different structure) than assumed in our model, or duedcsitmplifications in our model
(e.g, neglecting the Hall-term, simplified energy equation

The second density peak isat(2.33,0.04,—0.28) Re. At this point the plasma flow has

closed and the wake structure has formed (see Figure 6.3ils, This peak represents the
crossing of Europa’s plasma density wake. The density peaksociated with a dip in the

magnetic field data (see Figure 6.32)

Note that we see a double peak structure in the wake, whemaolotding induction (see
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Figure 6.38). This is in agreement with the results shownguaie 6.7. However, this double
peak structure is different from the structure shown in Fegb.36. First, there is an offset
in time between the simulations and the measured data. Anmich may have led other
simulators (e.g.Kabin et al.[1999]) to speculate on a rotation of the plasma flow. However
from the comparison of the magnetic field data with our simaoites, we see no need for
a rotation of the flow. Second, the plasma density of the fiesikpn Figure 6.36 is much
lower than that of the second peak. A behavior which is déffiéfrom our simulations (see
Figure 6.38). Hence, we conclude that there is only one tepesak in the tail, which we see
also in our simulations when including induction (see Fggbi35). The density peak around
closest approach in Figure 6.36 is not a signature of crg€simopa’s wake, but of touching
Europa’s ionosphere.

6.5.2 Europa flyby E14

The Europa flyby, E14, occurred in the low plasma densityaregbove the current sheet
(see Figure 3.2). Thus, the induced magnetic field is verylairo that during the E4 flyby.
Again, the primary induced dipole moment pointed close &dilpiter-facing meridian. The
trajectory of the E14 pass was at higher altitude and lagitinéhin the E4 pass. Closest ap-
proach occurred at an altitude of 1647 km at 13:21:05 UT onchl@9, 1998. Figure 3.1
shows that the flyby was an upstream pass which ended doamstre
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As in the previous section, we discuss two different assuorean thicknesses for the E14
flyby, 100 km and 25 km. We start with an assumed ocean thiskoe$00 km. The mea-
sured magnetic field (red) along the E14 trajectory in thei@Rioordinate system is shown
in Figure 6.39. In addition, the predicted field by neglegtinduction (dashed black) and
including induction in a 100 km thick ocean for different as®gd ocean conductivities,.

is displayed. The color code used in Figure 6.39 is the sarmreragure 6.32.

TheByx component of the measured magnetic field cannot be explaypthsma interaction
alone. We are able to fit this component very well when usirepoaconductivities of 250
mS/m and higher. As mentioned above, an upper limitfgrcan not be assessed.

TheBy component as well as thig component and the magnetic field magnitude can almost
be explained by the plasma interaction. The enhancemeBt ahd |B| occurs upstream

of Europa where the plasma is slowed down and the magneticifetompressed. Since
the flyby was above the equator, the bending of the magnelitifiesisible as a positive
perturbation oBy.

Figure 6.40 shows the simulation results when using a ties&iof the ocean of 25 km and a
crust thickness of 50 km. In this case ocean conductivities teast 1 S/m are necessary to
reproduce thd, component of the magnetic field. In reverse, we can concluaiefor the
E14 flyby the ocean has to be thicker than 25 kmdgy < 1 S/m. This is the same result as
for the E4 flyby.

Plasma flow and density

The velocity of the bulk plasma along the E14 trajectory mmhin Figure 6.41. The negative
vy component accounts for the diversion of the plasma flow at&uropa. The enhancement
of vy and of the velocity magnitude is due to the acceleration®fittw. Unfortunately there
are no plasma data available for the E14 flyby to compare cuitsawith.

The ion number density along the E14 flyby trajectory is shawigure 6.42. As the pass
was upstream at a distance larger than 1600 km, no largeityleasations are visible. This
is in agreement with the results obtained for the electramsitie by the PWS experiment
[Kurth et al, 2001].

6.5.3 Europa flyby E26

The E26 flyby was the crucial flyby to distinguish between ar@erent and an induced
magnetic dipole moment as source of Europa’s internal ntagfidd [Kivelson et al.2000].
This pass occurred south of Jupiter's magnetic equator @g@mmn with low plasma density
(see Figure 3.2). Therefore, the induced magnetic field Wwasst 180 out of phase with its
value on the E4 and E14 pass (see Figure 6.18 and 6.19). Cagw®ach occurred at an
altitude of 346 km at 17:59:43 UT on January 03, 2000. The flybjectory was upstream
of Europa, nearly radial toward Jupiter, and south of Eusopaguator.
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Figure 6.43 shows the magnetic field along the trajectorh&éEPhiO coordinate system
for an ocean conductivitgo,c = 100 km and a crust thickness of 50 km. We are able to
fit the overall structure of the magnetic field fairly well.n8e this flyby was very close to
Europa and off the equator, contributions from the plasnexaction can be found in every
component of the magnetic field.

The bendback of the Alfvén wing leads to an enhancement @Bthcomponent around
closest approach. While we can By in general, we are not able to fit the double peak
structure of this component in detail. However, this sueibccurs around closest approach
at altitudes which are within or very close to Europa’s igrtesre. As we use a simple model
of Europa’s atmosphere the detailed structure of the magiet at this altitudes is beyond
the scope of our model. In section 6.2 we show that the infliehthe plasma interaction on
the induction process is weak. Hence, the details of then@aateraction do not influence
our statement on the conductivity distribution in the irgeof Europa.

The By component contains contributions from the plasma intemaas well as from the
induction. Including induction with ocean conductivities250 mS/m and larger improves
the fit of this component fairly well. ThB, component also contains contributions from the
plasma interaction. Including induction in an ocean vaigh > 250 mS/m and larger leads to
a better fit to the data. By using conductivities of 250 mS/chlarger we can fit the magnetic
field magnitude very well. The enhancement of the field magieiis due to the compressing
of the magnetic field upstream of Europa.
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Figure6.46. Same as Figure 6.35 for the E26 flyby.

In Figure 6.44 we show our simulation results when using &aonc¢hickness of 25 km and
a crust thickness of 50 km. Again, tBg component is determined mainly by the plasma in-
teraction. Using ocean conductivities larger than 1 S/nrawgs the fit of thé8, component.
For B, good fits are obtained when usiog. > 500 mS/m.

Plasma flow and density

The velocity of the bulk plasma along the E26 trajectory isvahin Figure 6.45. Quite ev-
ident is the drop of the velocity around closest approachs $hpports the idea of crossing
the southern Alfvén wing during the flyby. The slowing dowfitloe plasma is associated
with the enhancement of the magnetic field strength (sea&®§4é3). The drop iBy, which
leads to the double peak structure in this component, goeg a¥ith the drop in the velocity
magnitude. The negatiwg andv, components before closest approach account for the diver-
sion of the flow on the anti-Jovian side upstream of Europaohtrast, the positivg, andv,
components after closest approach account for the diveddithe flow on the Jupiter-facing
side of Europa.

Figure 6.46 shows the ion number density along the E26 flydjgdtory. At closest approach
a large density enhancement with values up-&80 cn1 3 occurs. This is in agreement with
the densities expected for this altitude from the Galilebaa@ccultation results upstream of
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Figure 6.47.  Magnetospheric electron number density during the E26 fliyithe time of closest
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Europa Kliore et al, 1997]. Unfortunately, there are no PLS data available yebmpare
with. Interestingly, the electron density profile calcelhfrom the PWS dataKurth et al,
2001] does not show an enhancement near closest approakiguhe 6.47 we display the
number density of the magnetospheric electrons along tbéefajectory. Instead, there is a
density drop around closest approach. This is consistahtemdssing the southern Alfvén
wing at this time. However, we still see small magnetosph@ensities at this times. There-
fore, the ion number density peak in our simulations couladlse due to the fact that we
do not account for the cooling of magnetospheric electréi®ve the poles, the flow speed
is very low. Therefore, plasma which enters this region \aiit there for a while. Thus,
neglecting the cooling of magnetospheric electrons inrégson could result in an overesti-
mation of the ionospheric plasma density. Another posgibg the absorption of particles
on the surface of Europa above the poles. Particles insidexaub connected to Europa
gyrate along magnetic field lines and can hit the surface obfga1 Thus, they will be lost.
This surface effect, which could lead to an emptying of the fube, is not included in our
MHD-model. However, because of the low bulk velocity in thegion, the freshly created
plasma will stay there. Hence, it will not stream toward thi€do that the statements made
in section 6.3.1 are still valid.
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6.5.4 Europa flyby E12

The E12 flyby on December 16, 1997 was an upstream pass wileattry similar to E14
but at lower altitude and latitude (see Figure 3.1). Cloaggiroach was at 12:03:20 UT at
an altitude of 204 km. The pass occurred close to the centdeafovian current sheet (see
Figure 3.2), where the highest magnetospheric plasmatteaie expected (see Figure 5.5).
In addition, the induced magnetic fields are weakest in #gson (see Figure 5.4).

Results from the PWS experiment show that the upper hylsmh@nce frequency, and there-
fore also the electron number density, is continuously esing along the E12 trajectory
(from ~ 600 cm 3 to ~ 100 cn1 3). No unambiguous explanation for this behavior has been
found, so far. Because of the dynamical background comditior the magnetospheric elec-
tron density during this pass, we use the value obtained ondensity model (see Figure
5.5) for the proper magnetospheric latitude of the E12 gdseace, we choose a background
magnetospheric electron density of 240 ¢has an initial value.

Global plasma interaction

Before we compare our results with the Galileo measuremenmstsliscuss the global plasma
interaction for the E12 flyby conditions, i.e., when Européorcated inside the current sheet.
Although the basics of this interaction are the same as thatisised in section 6.1, the larger
background plasma density yields a stronger nonlineaackerr of the interaction.

Figure 6.48 and Figure 6.49 show the bulk velocity of the plaglow for the E12 pass in
the xz-plane and in the xy-plane, respectively. Compard¢dga@ase when Europa is located
outside the current sheet (see section 6.1.1), the extetldegbrimary interaction region
(especially downstream) is much larger now. The Alfvéngsiare not visible as clear as in
Figure 6.1. The larger magnetospheric plasma densityyiglstrong nonlinear interaction.
Note that the asymmetry in Figure 6.48 is because of the savaltomponent.

The strong nonlinear character of the interaction is alsibie in the magnetic field which is
displayed in Figure 6.50 and in Figure 6.51 in the xz-plargtiarthe xy-plane, respectively.
The magnetic field close to Europa is over-proportionallydssl (more than the Alfvén char-
acteristics). Further away from Europa it follows the Adfvcharacteristics. Upstream of
Europa where the plasma is slowed down (see Figure 6.48m#wmetic field magnitude
is enhanced, reaching larger values than in Figure 6.3. ®hgressional perturbations of
the magnetic field upstream of Europa are transported byas$teniode wave. Since this
wave propagates omnidirectional, the wave energy decseasise distance 4 r—2). Thus,
upstream of Europa the interaction region is not much largextent than for the E4 flyby
conditions.

Downstream of Europa we get a different picture. The bendfrilge magnetic field is strong
and the field magnitude downstream of Europa is reduced. [Bisena is extensively diverted
around the moon and the plasma flow closes at larger distaheegest flow velocities are
found on the flanks of the streaming ionospheric plasma wikistvept into the downstream
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direction (see Figure 6.52). Because of the higher magplke&ri electron density, more at-
mospheridO,-molecules are ionized by electron impact. Therefore, dn@spheric plasma
density for the E12 flyby conditions is higher than that dgtine E4 flyby. Maximum iono-
spheric densities are found again close to the surface \aities of~ 10,000 cni 3 on the
flanks of Europa. The higher ionospheric plasma densityslead larger pick-up region. The
flow inside the area bounded by the streaming ionosphersr@as slowed down by mass
loading. In areas with high ionospheric density the therpmaksure is maximum while the
magnetic pressure is minimum.

Where the plasma flow closes, the pick-up plasma is condedtedong the x-axis. There
again, the radial extension of Europa’s density wake is mtdan the diameter of Europa.
Figure 6.53 shows that the enhanced plasma density in the ®gkands along the z-axis.
Thus, we see the same behavior as for the E4 case but at lasggmads. Note that the
north-south asymmetry in Figure 6.53 is due to the smaltomponent of the upstream
magnetospheric plasma.

Although induction effects are weakest when Europa is Extat the middle of the plasma
sheet, they still influence Europa’s plasma environmeigfuié 6.54 shows the electron num-
ber density in the wake at x = 2.7%Rnd x =5.5 R when we include induction in an ocean
with oo = 5 S/m and a thickness of 100 km. As for the cases when Europaased well
outside the plasma sheet (see section 6.3.1), a north-asythmetry appears in the wake
when including induction. Due to the more extensively dizdrflow, a structure similar to
that in Figure 6.20 is seen at larger distances (x = p Because of the smaller inducing
magnetic field during the E12 pass, the asymmetries are rattasy as during the E4 pass.
The asymmetric wake is again a result of the asymmetric @gsokup in the ionosphere of
Europa, and is caused by the induced magnetic fields.
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Figure6.53:  Electron number density in criin the tail. Shown is the yz-plane at x = 2.7 Bnd
X=55Re.

Comparison with Galileo data

Figure 6.55 displays the magnetic field along the E12 trajgdin the EPhiO coordinate
system. The red curve shows the magnetic field measured IBatileo spacecrafiivelson
et al, 1999]. Our model results for a pure plasma interactionouthnduction in the interior
of the moon are indicated by the dashed black curve. In adhjithe predicted field by
including induction into our model is shown for an assumegbamoconductivityoee of 5 S/m
(solid black). The assumed thickness of the ocean is 100 km.

The two model results shown in Figure 6.55 differ only maaginObviously the magnetic
field signature is dominated by the plasma interaction. Degpe low altitude at closest
approach, the large perturbations due to the interactigdgheohigh density magnetospheric
plasma with Europa’s atmosphere almost hide the signatua® cnduced magnetic field.
Thus, the E12 pass is not suitable for making statementseoimtérior of Europa. However,
since the structure of the magnetic field along the E12 flyajettory is determined mainly
by the plasma interaction of the magnetospheric plasmativtlatmosphere of Europa, we
use this pass to determine the calibration factors for thgpézature of the magnetospheric
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Figure 6.54:  Electron number density in cm in the tail when induction is included. Shown is the
yz-plane atx =2.75 Rand at x =5.5 R.

electrons described in section 5.2.4. For our model we firmhke ieightH = 400 km and a
factortp = 0.1 most useful to fit the E12 magnetic field magnitude. We ussetlsalibration
factors for all the flybys discussed above. Note that chajtiiese factors does not influence
the location of the field magnitude maximum.

With the calibration factors determined, we are able to &titagnetic field magnitude and
the B, component of the E12 pass very well. The increase in magnibedore closest ap-
proach is a consequence of the slow down of the plasma flowagwstof Europa (see Figure
6.56). The magnetic field is then compressed and the field mggrincreases. After closest
approach the flow velocity increases and the field is sligihéfyressed, i.e., the magnetic field
magnitude decreases. The negative valug afdicates the diversion of the flow around the
moon.

Large perturbations ddy andBy occur shortly before closest approach at times when Galileo
is upstream of Europa at (—1.02;—0.55;—0.03) Re (in our coordinate system). When
we neglect the small value of, of the background velocity, this position represents the
magnetic equator where we do not expect such large perioinisain By. We find per-
turbations ofByx and By at later times, i.e., when Galileo is on the flank of the moon at
~ (—0.51;—-1.09;—-0.17) Re. Since Galileo is south of the equatorial plane at this time,
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the enhancement iBx and By in our model is due to the over-proportional bending of the
magnetic field at this point (see Figure 6.50). There coulddweral reasons for the discrep-
ancy inBy and By between our model and the measured data: the dynamic maghete
during the E12 encounter, the detailed structure of the iatmmosphere (which might be
different from our model atmosphere), or effects which areimcluded into our model, e.g.,
the Hall effect. However, we use the E12 flyby for the calilmatof our model, which is
done by calibrating the magnetic field magnitude of this pasaddition, we show in section
6.2 that the plasma interaction has only a weak impact omithéction process. Hence, the
results obtained for the internal conductivity distrilmutiare not effected by the fine structure
of Europa’s atmosphere.

Figure 6.57 shows the ion number density along the Galil@edtory for the E12 pass as
calculated by our model. Near closest approach a densikyqueaurs with values up to 2400
cm~3. This suggests that we cross the ionosphere of Europa. Gheokisma density is then
a consequence of the ionospheric plasma, generated byoel@tipact ionization. This is in
agreement with the electron densities measurelllmye et al.[1997] upstream of Europa.
Results obtained from the PWS data do not show an enhancedoelelensity near closest
approachKurth et al, 2001]. The lack of the ionospheric signature in the PWS tkatent
yet understood. Since Europa is located in the middle of tagmatospheric plasma sheet
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during the E12 encounter, the ionosphere should be evered#éra, e.g., for the E4 flyby
where Galileo radio occultation measurements were made.

6.5.5 Conclusions

In this section we have compared our model results with tHeée@dlyby data. We here fo-
cused on passes that occurred when Europa was locatedeotitsidurrent sheet, i.e., when
the inductive response is strongest. By modeling the tinpedéent plasma interaction of
Europa with the Jovian magnetosphere we get the so far tlogestraints on the conduc-
tivity and the thickness of the satellites subsurface ockaaddition, we explain the Galileo
plasma measurementBdterson et al.1999] along the E4 trajectory. In contrastKabin
et al.[1999], we see no need for a deviation of the upstreamingr@dow from the nomi-
nal corotation direction during the E4 flyby.

The determination of the conductivity of Europa’s oceanasumambiguous. The induced
magnetic field depends both on the conductivity and the ti@sk of Europa’s internal ocean
(see chapter 4). We investigate two possible extreme casassded in the literature. First,
a subsurface ocean with a thickness of 100 km, and second auhsurface ocean with a
thickness of 25 km. We are not able to spatially resolve tiektiess of the outer ice crust.
Therefore, we use a constant thickness of 50 km for this uppell, which includes the
elastic and the ductile ice layer (see section 2.1.1). Hewen ice crust of 50 km represents
the extreme case of a thick crust. Note that a thinner icet,ceug., 5 km, would lead to
almost the same results, because the magnetic field at tbecsp#t altitude would differ
only by a few nT from that presented here.

Our results for the E14 and the E26 flyby show, that the comdtycof Europa’s ocean has
to be> 250 mS/m when using an ocean thickness of 100 km. Using theottéan model
(25 km), we find that the conductivity of Europa’s ocean hakddarger than 1 S/m for the
E14 flyby. The results of modeling the E26 pass, suggest amooenductivity larger than
500 mS/m. Note that because of the different flyby geometridise passes used, the lower
limit of the suggested ocean conductivity may differ frons@é&o pass.

Remarkably, the E4 flyby is most useful to determine the cotidty of Europa’s ocean.
This flyby sets even closer constraints on the conductivéiridution inside Europa than the
two other flybys. Comparing our results for the E4 pass to thdéd flyby data we find that
Ooc has to be in the order of 500 mS/m or larger for an assumed dha&kmess of 100 km.
Assuming a thickness of 25 km for Europa’s oceag, has to be in the order of several S/m
or larger.

In summary, we suggest the conductivity of Europa’s ocearet600 mS/m or larger inde-
pendent of the oceans thickness. Figure 4.5 shows thatstlalso true for a thickness of
Europa’s ocean larger than 100 km. We point out that we aralvletto set an upper limit on
the ocean conductivity since the induction is almost s&tdréor oy larger than 5 S/m. In
addition, we suggest that for ocean conductivitie$ S/m Europa’s ocean has to be thicker
than 25 km.

Finally, we remind the reader that at these high ocean cdivities no influence of the
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mantle or core is visible in the data when using the synogiedabd of Jupiter.

6.6 Summary and Discussion

Including induction into our equations enables us to inges¢ Europa’s interaction with the
ambient magnetospheric environment in a different way fhr@wious models. Results like
the displacement and the deformation of the Alfvén curegistem due to induction effects
are in agreement with theoretical considerations, andatamm achieved by simply adding
an internal magnetic dipole on top of a MHD-simulation.

We have shown that Europa’s wake is deformed owing to indoctifects. The expansion
of the plasma density along the z-axis in connection withatsygmmetries caused by induc-
tion explains the lacking of high ionospheric plasma déesitonvected downstream during
the E4 pass in the Galileo measurements. With our model waldesto explain the high
ionospheric densities measured iKiore et al. [1997] as well as the ion number densities
measured byaterson et al[1999] in the wake along the E4 trajectory. For this pass vee se
also no need for a rotation of the upstreaming plasma flow.

By modeling Galileo flybys, when Europa was located outdidepiasma sheet, we are able
to get some closer constraints on the conductivity of Eusoppaiernal ocean. We find a
conductivity of Europa’s ocean of 500 mS/m or larger mostadalé to explain the magnetic
flyby data (regardless of thickness). If the thickness oblgais ocean is only 25 km or less,
ocean conductivities of more than 1 S/m are necessary tefiGdlileo data.

Because of the high complexity of Europa’s electrodynamieraction with the Jovian mag-
netosphere, we have to make some simplifications in our mddeluse for instance a sim-
plified energy equation when modeling the plasma interacfidherefore, we have to adjust
the electron impact production rate. Calibration paransedee determined by adjusting the
magnetic field magnitude during the E12 pass. We neglectitketccontribution of mass
loading in the energy equation. However, the influence ofitkernal energy on the other
MHD-equations is given only by the gradient of the thermalgsure in the momentum equa-
tion. We have shown, that the thermal pressure is not the romhipressure, and that a
thermal pressure calculated by assuming an isothermahplgtelds the same structure of
Europa’s plasma wake, although the expansion of the plasiwaafbng the z-axis would be
slightly increased. In a more advanced model one coulddeciumore detailed energy equa-
tion. Then, however, the temperature of the magnetospkéatrons has to be calculated
separately.

Several other mechanisms are not included into our modgl, #he Hall effect, or finite

gyroradius effects. These effects may introduce additiasgmmetries in Europa’s elec-
trodynamic interaction. They might be responsible for satetils of the magnetic field
structure, e.g., the double peak structure of BRecomponent during the E26 flyby, or the
difference inBy andBy between our model results and the data during the E12 passnRe
HST/STIS images indicate that Europa’s atomic oxygen d@omnds non-uniform McGrath

et al, 2004]. This might suggest that the atmosphere of Europahismhogeneous or vari-
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able in time. An inhomogeneous atmosphere could also bemsgge for some differences
between our model and the measured data.

We have shown that the induced magnetic fields due to the tangng plasma interaction
are small compared to those induced by the background madredtl. Effects from an
inhomogeneous atmosphere, the Hall effect, or other mémmandiscussed above would
probably change some of the harmonic coefficients of thendaaduced field, but only on a
small scale. Hence, they have no influence on our resultseoaahductivity distribution in
Europa’s interior. However, they may affect the lower pdfEoropa’s ionosphere.

We are not able to resolve the solid ice crust with our modbis 15 also true for the lowest
part of Europa’s atmosphere. A higher resolution closegcthface would allow for a better
study of these regions. Since the magnetic diffusivity jgraper several orders of magnitude
on the surface of Europa’s ocean, a higher spatial resolutimuld also allow for a better
description of the boundary conditions on the surface.
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CHAPTER 7

SUMMARY

In this thesis we develop, for the first time, a model to déscthe periodic time-dependent
interaction of the satellite Europa with the Jovian magsgiere. As a new feature, with
regard to stationary models, we include periodic inducedmatc fields from the interior
of the moon. These magnetic fields are caused by electrormiagmguction in an electric
conducting ocean below the surface of Europa. By comparnmgesults with the Galileo
measurements we can address a series of interesting aqugestio

A subsurface ocean on Europa would likely be very salty, &edefore, highly conductive.
Thus, a time-variable magnetic field will induce currentsuth an ocean which generate
an induced magnetic field opposite to the inducing field. Tiraary time-varying magnetic
field experienced by Europa is due to the rotation of Jugiteited magnetic dipole. In
addition, magnetospheric plasma is streaming past Eumofgaacting with the moons thin
atmosphere and ionosphere, and with the time-varying magredd from the interior of the
moon. The ionosphere, formed mainly by electron impactzaton, enables a large electric
current system. Since the magnetospheric plasma densithharmagnetic background field
at Europa vary periodically, the electric current systertsiole Europa also varies in time.
This leads to a second order induction effect in the condgaubsurface ocean.

Our model solves the MHD-flow problem and the internal inducproblem simultaneously.
For the solution we make use of the periodicity and the gstionarity of the problem. We
extend the ideal MHD model ZEUS 3[3{one and Normari992;b] in order to include the
influence of the internal induced magnetic field and the m¢attmosphere on the plasma.
Our model is a time-dependent 3D, single-fluid model thatidates self-consistently plasma
density, velocity, and internal energy of the fluid, and thegmetic field. We use a simplified
equation for the internal energy. In order to compensatedbelting overestimation of the
electron impact production rate, we solve an additionatioaity equation for the magneto-
spheric electrons and implement a spatial dependent aabhrfactor for their temperature.
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In a preparatory study, we investigate whether a fixed peemiagipole moment is present
in the interior of the moon in addition to the induced dipolemrent. In doing so, we fit
data from several low altitude passes to models of incrgaomplexity. Superimposing an
induced magnetic dipole moment that is driven by the timéetian of the measured external
magnetic field of Jupiter improves the fits and reduces theamts that characterizes the dif-
ference between the model and the data. The inductive respsfound to be- 97% of the
theoretical maximum inductive response for a highly cotidasphere. The largest surface
equatorial field caused by a fixed internal dipole momentss tean 25 nT. This should be
compared with the magnitude of the induced field which canflmeder 100 nT. We thereby
confirm the presence of an inductive response and concladliénndipole coefficients of the
constant intrinsic field contribute at best in a very minoyw@the magnetic field.

The inclusion of the time-dependent induced magnetic fieldsir model is the main advan-
tage over previous models of Europa’s interaction. Thisvadlus, for example, to study the
influence of the induction on the plasma interaction. We fivat the Alfvén current system
is displaced and deformed due to induction effects. This iagreement with theoretical
considerationsNeubauer 1999]. When including induction, the northern Alfvén wirs
displaced away from Jupiter when the moon is in the northeviad magnetic hemisphere,
and towards Jupiter when the moon is in the southern Jovigmetig hemisphere. The op-
posite is true for the southern Alfvén wing. Due to the indlut, the cross section of the
Alfvén wing has shrunk and the current density has becoyaetric.

Our model also allows us to calculate the plasma induced etagfields. We determine
these fields in an iterative process. The induced magnelitsfaf the plasma currents are
complicated and contain higher order multipoles. The daimg terms are the quadrupole
terms. The plasma induced fields are strongest when Eurdpeated in the center of the
plasma sheet and weakest when in-between the two extrendioos, i.e. the center of
the plasma sheet and outside the plasma sheet. We find thaathmnic coefficients of
the plasma induced magnetic fields are an order of magnitonddles than the harmonic
coefficients of the background magnetic field induced dipdleerefore, we conclude that
the plasma interaction only has a weak impact on the indugiiocess. However, we would
like to point out that the plasma induced magnetic field mdlistiuence the lower part of
Europa’s ionosphere. In cases with stronger time variaislespheric currents, as they may
occur on Callisto, the plasma induced magnetic fields cashtiea stronger induction effect
if the ocean is located close to the surface.

We compare our results to the Galileo spacecraft measutem&afith our model we are able
to explain the high ionospheric densities measure&imyre et al. [1997]. Our model also
explains what happens to the ionospheric plasma conveoteasiream. The plasma is swept
into the wake region and is concentrated along the x-axise tOpressure gradients in the
wake, the plasma is also accelerated away from z = 0. Thgggtistributed in the xz-plane.
We show that the internal induced magnetic fields deform gaisovake. As a result of the
asymmetric pickup, caused by the induced magnetic fieldshigphest plasma densities in
the wake are found away from the equator. The expansion gbl#sma density along the
z-axis in connection with the asymmetries caused by indoatbuld explain why Galileo
measurement$pterson et al.1999;Gurnett et al, 1998] did not detect high densities of the
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ionospheric plasma in the wake along the E4 trajectory. lk®B4 pass we also see no need
for a rotation of the upstreaming plasma flow.

By modeling the Galileo flybys, that occurred when Europa lwaated outside the plasma
sheet, we are able to get some closer constraints on the conguof Europa’s internal
ocean. We find for the conductivity of Europa’s ocean values0® mS/m or larger most
suitable to explain the magnetic flyby data independent®bitean thickness. If the thick-
ness of Europa’s ocean is only 25 km or less, the ocean cawitiyidtas to be larger than
1 S/m. At these high values for the ocean conductivity, tltiation is almost saturated.
Hence, we are not able to set an upper limit on the condugt¥iEuropa’s ocean.

The strong evidence for the presence of a deep water oceaathetie icy surface puts
Europa among the most interesting targets for planetarioeadon in our solar system. A
Europa orbital mission could provide more extensive tintegpace coverage of the magnetic
field in the vicinity of Europa. This would allow for a more dééed investigation of the 3-
dimensional conductivity distribution inside the moon andetermination of the thickness
of Europa’s ice crust. In addition, periods other than theoslyc rotation period of Jupiter,
e.g., Europa’s orbital period or periods due to asymmetfidsipiter's magnetosphere, would
be available to an orbiting space craft, and would allow fdeaper sounding of the moons
interior.
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